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Grapevine (Vitis species) is one of the most valuable fruit crops widely cultivated 
throughout the United States of America (USA). Grape and wine industries in the 
northern USA have been expanding rapidly with the demand for quality wine grapes that 
can be grown in Northern cold climate regions. As most popular cultivars are freezing 
sensitive, the development of new cultivars for the region continues through breeding. In 
this study, we evaluated grapevine root system architecture, freezing tolerance, and bud 
break in different genetic backgrounds in natural or controlled environments. The 
dissertation research objectives were to explore trait phenotypic variation and identify 
quantitative trait loci (QTL). A mapping population of 266 F2 genotypes a self of a F1 
(16_9_2) from a cross between V. riparia ‘Manitoba 37’ and ‘Seyval’ cross was grown in 
the greenhouse for the root study. Sixteen root system architecture (RSA) traits were 
measured to study natural variations of F2 root morphology. Several trait-specific 
significant phenotype-genotype associations were identified. Forty-two QTLs were 
detected for root system architecture with hotspots on chromosomes 1, 9, 11, 13, and 19. 




development) genetic mechanisms suggesting complex genetic control encompassing 
morphology traits.   
Freezing tolerance, identified by low temperature exotherms, of field grown F2 
grapevine was evaluated using digital thermal analysis for six winter seasons. Significant 
correlation was detected between freezing tolerance and monthly temperature. Eight 
significant QTLs were identified for freezing tolerance traits, one each on chromosomes 
4 and 8 and two QTLs on chromosomes 2, 13, and 14. QTLs on chromosomes 4 and 14 
were associated with enriched genetic pathways for grapevine freezing tolerance. Co-
location of freezing tolerance and long-term winter endurance QTLs was detected on 
chromosome (chr) 14 suggesting interrelated genetic control. An enriched circadian 
pathway under freezing tolerance QTL on chr13 indicates the potential impact of 
photoperiod on initiation of freezing tolerance of grapevine.  
Chilling fulfillment was measured in F2 grapevine buds after different amounts of 
natural chilling in the field. Bud break was measured for four weeks under optimal 
forcing conditions in the laboratory after sampling. Chilling fulfillment, measured over 
six winter seasons, was associated with 53 QTLs across 14 chromosomes. Co-
localization of chilling fulfillment QTLs were identified on chromosomes 3, 8, and 18. A 
pattern of QTL emerging with chilling fulfillment was identified suggesting that 
biochemical pathways related to meristem activation were initiated during chilling 
fulfillment and dormancy release.  
A total of 143 genotypes in a Riesling × Cabernet Sauvignon F1 grapevine 
population was studied under 12 chilling (168 to 2016 by 168 chilling hours) and two 




increase the rate of bud break and reduce the time for initiation of bud break. Longer 
(24h) photoperiod increased the rate of bud break and replaced the insufficient chilling. 
QTL mapping identified 55 QTL (26 and 29 QTLs for the 13h and 24h photoperiods 
respectively). Two major QTL were observed on chr2 (for 13h and 24h photoperiods) 
and chr10 (for 24h photoperiod). 
Root system architecture, freezing tolerance and chilling fulfillment studies 
identified several QTLs with significantly enriched pathways within the loci.  These 
enriched pathways provide candidate genes that may be used to further dissect the 




1 Chapter 1 Introduction and literature review 
1.1 Grapevine cultivation 
The grapevine (Vitis) is one of the earliest domesticated perennial fruit crops in the 
world, with evidence from around 7000 years ago (Zhou et al. 2017; Patel et al. 2020). 
Grapes have become one of the most economically important perennial fruit crops in the 
USA contributing around 6.6 billion dollars to the country’s economy in 2018 (NASS 
2019). According to NASS (2019) report, the USA had around 937,000 bearing acres 
vineyards in 2018. The major USA cultivation areas are California, Washington, and 
New York. Over 70% of the grape production is marketed as wine, with the remainder 
marketed as can, juice, raisin, or table grapes.  
During the grapevine domestication, changes in morphology such as berry size, 
color, perfect flower, and sugar content emerged as important traits particularly in V. 
vinifera (Zhou et al. 2017). With V. vinifera domestication, the grapevine cultivation and 
wine industry expanded rapidly with many cultivars selected and grown. As commercial 
production increased, V. vinifera became the most used species in the industry (Patel et 
al. 2020). Increased climatic challenges and pest and disease problems caused breeders to 
look to the native grapes of North America and Asia to breed biotic and abiotic stress 
tolerant grapevines (Reish and Pratt 1996; Gray et al. 2014). Grapevine breeding is 
complex as its perennial nature, size of the plant, and heterozygous nature. Some of the 
limitations in grapevine breeding are access to suitable genetic resources and the lack of 
knowledge about grapevine genetics. Historically open pollination and selection were 
commonly used; however, planned genetic improvement is becoming the best long-term 




development of linkage maps with molecular markers and trait marker identification has 
led to increased breeding efficiency using marker-assisted (MAS). MAS considers the 
grapevine genotype-phenotype association through genetic mapping. It is increasingly 
popular among breeders since it cuts down the time taken to develop a new cultivar, 
although it is costly.  
1.2 Grapevine breeding and traits of interested 
In the past, USA grapevine breeding programs mainly focused on fruit quality or 
rootstock traits. Environmentally sustainable and economically viable traits are 
increasingly targeted by breeders to maintain a successful wine industry (Gray et al. 
2014). There are several public and private grapevine breeding programs in the USA 
focusing on table and raisin, juice, wine, and rootstock cultivars for the grape industry. 
One of the main goals of breeding programs in the Northern USA is to develop high 
quality, cold hardy and disease-resistant wine and table grape cultivars. Related traits 
such as the timing of bud break, flowering, and ripening, growth habit, rooting and 
grafting ease, and productivity are important in selecting sustainable grapevines for 
different environments. Recently, breeders expanded their genetic exploration to consider 
new ‘omics’ traits such as metabolite or ion traits that are essential for human and plant 
health.  
1.3 Phenotyping strategies and technologies  
In grapevine research, the acquisition of phenotypic data is highly challenging due 
to its perennial cycle. Manual measurements, visual scoring, and destructive measures 
were common in the past. To face these challenges, grapevine breeders started using new 




architecture, and metabolites. The use of sensors, automated images, dimensional 
scanning are becoming popular among grapevine researches as these phenotyping 
methods are consistent across users, non-destructive, and automatic (Klodt et al. 2015; 
Kicherer et al. 2017; Rist et al. 2018; Bierman et al. 2019).  
1.4 Root system architecture  
Among hundreds of grapevine traits, root system architecture (RSA) plays an 
important role in grapevine sustainability, use as rootstock, and source of biomass that 
influences plant vigor (Dorlodot et al. 2007; Serra et al. 2013). Root architecture can be 
described by its morphology, topology, and geometry/distribution (Lynch 1995). RSA 
includes several traits that play roles in plant growth. Human manipulation of these traits 
through breeding may facilitate grapevine growth and productivity. Past QTL studies on 
grapevine mainly focused on stress tolerance, water potential, nutrient deficiency, and 
root diseases (Zhang et al. 2009; Marguerit et al. 2012; Bert et al. 2013; Coupel-Ledru et 
al. 2014; Clark et al. 2018; Smith et al. 2018a; Smith et al. 2018b; Tandonnet et al. 2018). 
Morphological studies that focused on mature grapevine roots reveal the role of woody 
root bark when suberized tissues are absent (Cuneo et al. 2018), and role of root surface 
area when hydraulic conductivity is low (Gambetta et al. 2013). A study designed to 
evaluate genetic diversity and root architecture on osmotic stress identified the variability 
in osmotic-stress tolerance (Peiro et al. 2020). A grapevine root drought tolerance study 
explains genetically controlled seasonal changes of root conductance (Alsina et al. 2010). 
Overall, these studies suggest the genetic control of RSA (Bauerle et al. 2008; Alsina et 
al. 2010; Yildirim et al. 2018; Peiro et al. 2020). Nutrient deficiency QTLs were 




Gloire de Montpellier F1 population (Bert et al. 2013). Mapping studies on water use 
efficiency of grapevine also identified the number of QTLs (Marguerit et al. 2012; 
Coupel-Ledru et al. 2014). A study focused on understanding the relationship between 
scion and rootstock reveled the independent control of grapevine root and aerial traits 
(Tandonnet et al. 2018). 
1.5 Grapevine cold adaptation 
Grapevine as a perennial temperate fruit crop develops cold hardy tissues during 
the dormancy (Wisniewski et al. 2014). Cold hardiness increases in grapevine in response 
to changing environmental cues (Fennell 2004; Gusta and Wisniewski 2012). Decreasing 
temperatures and shortening day length initiated acclimation, which causes changes in 
plant morphology and physiology resulting in leaf senescence, and periderm development 
(Fennell 2004). These physiological and biological changes prepare the grapevine to 
survive sub-zero temperatures of the temperate winter regions (Fennell 2004; Wisniewski 
et al. 2014). In grapevine, many V. vinifera cultivars require both low temperature and 
short day to promote acclimation while V. riparia responds shortening photoperiod to 
begin acclimation (Fennell and Hoover 1991). During the latter part of the acclimation, 
grapevine becomes dormant and increases cold hardiness as the temperature continues to 
remain below freezing (Fennell 2004). The ability of grapevine to acclimate is limited in 
late winter or early spring as the chilling requirement is fulfilled and temperature 
increases. 
Freezing tolerance 
Freezing tolerance is the ability to withstand sub-zero temperatures during the 




by adaptive physiological mechanisms. In grapevine, the level of freezing tolerance is 
highly varied and the cultivars that adapt to warm regions are very sensitive to sub-zero 
temperatures while native species such as V. riparia, can survive extremely low 
temperatures such as -40 °F (Fennell and Mathiason 2002; Fennell 2004). Winter 
freezing injury accounts for large economic losses in grapevine production, even if plants 
survive in winter, cold damage may weaken plants, opening them to pest and disease 
infection in the growing season, which can further reduce plant survival. 
The factors that influence the grapevine freezing tolerance include plant genetics 
and environmental cues. Different grapevine species show specific tolerance to winter 
temperatures. Species that are native to North America and Asia (V. riparia, V. 
labruscana, and V. amurensis) are more tolerant than V. vinifera and some of its hybrid 
cultivars (Fennell 2004). Cold acclimation is initiated by seasonal changes in temperature 
and day length, the interaction between environment and genetic factors determine the 
maximum level of hardiness that one species or cultivar can achieve. Over the years, 
number of studies have been conducted to investigate the effects of temperature and 
photoperiod on grapevine growth and development as they play a significant role in 
determining yield (Fennell and Hoover 1991; Londo and Kovaleski 2017; Kovaleski and 
Londo 2019; Rezazadeh and Stafne 2018). In addition, it has been shown that buds taken 
from different areas of the grapevine canopy can display different levels of cold hardiness 
(Howell and Shaulis 1980; Howell 2003). The grapevine bud is a complex bud with three 
shoot meristems. Bud cold hardiness differs among these three types of buds; primary 
buds on the same plant are more susceptible than tertiary buds. Selection of cultivars, 




climatic conditions of the region help to minimize the freezing damage (Fennell 2004; 
Ferrante and Mariani 2018). 
Several methods are available for the evaluation of grapevine bud freezing 
tolerance. One of the primary methods is to use visual field evaluations after low 
temperature events, but researches prefer to simulate freeze events in lab conditions using 
differential thermal analysis (DTA) (Mills et al. 2006; Ferguson et al. 2011). During 
acclimation, physiological changes occur permitting the buds to supercool and 
supercooling of water occurs in both extra-cellular as well as intra-cellular (Fennell 2004; 
Mills et al. 2006). When the water in these cells freeze heat is released. This heat is 
identified as low temperature exotherm (LTE for freezing of intra-cellular water) or high 
temperature exotherm (HTE for extra freezing) (Mills et al. 2006). Intracellular freezing 
occurs when the supercooled bud freezes, which usually happens around -10 0C or lower 
and damages the bud. Extracellular freezing causes damage when there is extensive 
dehydration (very low vapor deficit (driven by temperature)) at prolonged low 
temperatures (Fennell and Mathiason 2002; Fennell 2004). A combination of field 
analysis and controlled testing (laboratory methods) can more effectively detect and 
quantify the bud freezing tolerance in the winter (Fennell 2004). Several studies have 
demonstrated that thermal analysis is an accurate method to evaluate grapevine bud 
freezing tolerance (Wolf and Cook 1994; Mills et al. 2006).  
Freezing tolerance is a multigenic complex trait that regulates multiple biological 
phenomena (Wisniewski et al. 2014; Poudel et al. 2019). During acclimation, change in 
cellular chemistry and cell wall composition is expected in gaining or losing freezing 




essential for northern grapevine breeding programs. QTL mapping studies play a vital 
role in determining the genetic basis of freezing tolerance for grapevine but QTL studies 
are not common in grapevine literature.  
Chilling requirement 
Chilling requirement is a critical trait for sustainability, which is a result of long‐
term climatic adaption of deciduous species. Conversely, it limits the climatic distribution 
of temperate fruit trees such as grapevine (Leudeling and Brown 2011). In general, the 
chilling requirement is measured by the duration of the low temperature required to 
release the bud dormancy (Dokoozline 1999). The chilling duration is normally 
calculated by chilling hours that are the total number of hours between 0 -7 0C. Grapevine 
must go through a certain minimum number of chilling hours to release dormancy and to 
promote rapid bud break at temperatures >10 0C. Chilling requirement is the main factor 
that influences bud break and flowering. Insufficient chilling leads to delayed, erratic, 
and prolonged bud break and flowering (Legave et al. 2013). Accurate measurement of 
chilling hour accumulation is essential to evaluate the chilling requirement of bud break; 
however, it is difficult to do under field condition. Bud break development in controlled 
conditions can be used as an indirect measurement to identify the chilling requirement 
and determine adequate chilling has occurred for dormancy release (Li et al. 2009). Many 
scientists followed bud break forcing assay in controlled environments during the winter 
period to study the chilling requirement (Londo and Johnson 2014; Kovaleski and Londo 
2019).     
Bud break is defined as the first day that green tissues appear from the bud scales 




greater chilling time increases the rate of bud break (Dokoozlian 1999; Londo and 
Johnson 2014). Chilling requirement is genotype specific; V. vinifera and related 
cultivars need 50 to 400 chilling hours to release endodormancy at a temperature between 
0 and 7°C (Dokoozlian 1999; Londo and Johnson 2014). The North American native 
species V. riparia requires a comparatively low number of chilling hours to break 
endodormancy (Londo and Johnson 2014). As bud break and the chilling requirement are 
dynamic, measurements should be collected over time.  
Exploring the genetics of chilling fulfillment by bud break assay and QTL 
mapping is a way to identify genetic control and target genes/ markers (Costantini et al. 
2008; Grzeskowiak et al. 2013). There is evidence for genetically controlled bud break in 
apple, pear, and apricot (Allard et al. 2016; Gabay et al. 2018; Olukolu et al. 2009). 
Researchers reported molecular control of dormancy by dormancy-Associated MADS-
box (DAM) genes in the peach mutant (Bielenberg et al. 2008; Li et al. 2009). Grapevine 
studies have identified bud break QTLs at satisfied chilling on chr4 and chr19 in Riesling 
and Gewurztraminer F1 population (Duchene et al. 2012) and on chr15 in Syrah × Pinot 
Noir F1 progeny (Grzeskowiak et al. 2013). In addition, a study focused on wild and 
domesticated grapevine bud cold hardiness identified eight major metabolic and 
hormone-related pathways that show changes in the pattern of expression. In particular, 
this study showed that the down regulation of abscisic acid synthesis occurs during the 
loss of cold hardiness and bud break (Kovaleski and Londo 2019).  
1.6 Genetic maps  
The use of genetic maps for grapevine breeding started early in 1995 (Lodhi et al. 




and the construction of genetic maps for grapevine. Marker choice mainly depends on the 
goal, cost-effectiveness, and easy use. Marker construction for grapevine genetic maps 
began with the advancement in molecular biology. The first successfully applied markers 
in grapevine include restriction fragment length polymorphism (RFLPs) (Lodhi et al. 
1995), random amplification of polymorphic DNA (RAPD) (Lodhi et al. 1995; Dalbo et 
al. 2000), target region amplification polymorphism (TRAPs) (Cramo et al. 2015), and 
amplified fragment length polymorphism (AFLPs) (Doucleff et al. 2004).  More recently 
sequence-related amplification polymorphism (SRAPs) (Liu et al. 2013), simple 
sequence repeats (SSR) (Riaz et al. 2004), and single nucleotide polymorphism (SNP) 
(Yang et al. 2016; He et al. 2014) have been used. The recent developments in next 
generation sequencing (NGS) methods; genotype-by-sequencing (GBS) and RNase H2 
enzyme-dependent amplicon sequencing (RhAmpSeq) have provided competitive 
advantages over early-developed markers. GBS reduced the high initial cost and 
RhAmpSeq overcome heterozygote under-calling issue experienced with GBS markers. 
The most advanced grapevine genetic map consists of both GBS and RhAmpSeq 
markers, which are highly informative across the Vitis genus (Zou et al. 2019).   
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2 Chapter 2 Root system architecture QTL mapping using an integrated GBS and 
rhAmpSeq genetic map in a F2 grapevine population 
2.1 Abstract 
Grapevine roots play a major role in controlling plant size and vigor by affecting 
anchorage in the soil and water and nutrient uptake efficiency. Therefore, we investigated 
the genetic basis of the root system architecture (RSA) in young greenhouse-grown 
grapevine cuttings. Total root length, root surface area, root volume, average root 
diameter, and other seven morphological traits were measured using a 2D scanner in a 
cold-hardy F2 population derived from a self of a single F1 progeny from V. riparia 
‘Manitoba 37’ and ‘Seyval’ cross. Quantitative trait loci analysis was performed using 
composite interval mapping with an integrated genetic map containing 2,417 genotype-
by-sequencing (GBS) SNPs and RNase H2-dependent amplicon sequencing (RhAmpSeq) 
haplotype markers across 19 chromosomes. Forty-two QTLs were detected for the RSA 
traits. QTLs obtained for each trait were modeled to identify the cumulative percentage of 
phenotypic variation explained for the trait. The percent phenotypic variation associated 
with each trait ranged from 5 – 34%. Co-location of QTLs was observed in chromosomes 
1, 9, 11, 13, and 19 for RSA traits with significant pleiotropy effects. Size, branching, and 
link traits identified enriched pathways for lateral and hairy root development, ion 
transportation, and water and nutrient management under stress conditions addition to a 





2.2.1 Importance of grapevine improvement research 
Grapevine is one of the economically important fruit crops grown in the USA. 
Commercial grapevine cultivation is distributed across the country, encompassing 
approximately 937,000 bearing acres (NASS 2019). Due to the high demand for wine 
production, yield per unit land needs to be increased. Crop genetic improvements are 
considered as the most important new tool to increase yield and quality (Limera et al. 
2017; Dhekney et al. 2019). Though the possibilities of genetic improvements of above 
ground grapevine plant parts have been widely studied for berry skin color, seedlessness, 
enological, and phenology traits, limited investigations have been conducted for genetic 
improvements of the root system (Costantini et al. 2008; Garris et al. 2009; Guo et al. 
2015; Yang et al. 2016 ). Therefore, current and future breeding approaches should be 
focused on traits that involve in resource acquisition, thrive under stress conditions, adapt 
to different environments or changing climate (Dorlodot et al. 2007; Serra et al. 2013). 
Roots provide numerous benefits to the plant, such as anchoring and mechanical support, 
absorbing water and nutrients from the soil, storing carbohydrates, and exposure to 
beneficial soil microorganisms (Bellini et al. 2014; Ryan et al. 2016). In addition, they 
serve as the only interface to sense and respond to changing soil environments, enabling 
plants to overcome stress challenges. Moreover, it has been suggested that root traits also 
play an important role in determining above-ground biomass as well as yield (Dorlodot et 




2.2.2 Root system architecture  
The Root system architecture (RSA) is the spatial distribution of roots and reflects 
the shape, three-dimensional distribution, and branching pattern of post-embryonically 
generated roots (adventitious roots) (Lynch 1995; Satbhai et al. 2015). Root architecture 
can be described by morphology, topology, geometry, and dynamics (Lynch 1995). Root 
morphology refers to shape, diameter, length, and orientation. Connection of roots 
through branching such as primary or secondary order roots refers to the topology. The 
positional gradient of roots or root biomass/ length along with soil depth measures root 
geometry. Root growth rate and lateral emergence rate are examples of root dynamics. 
Roots have a seasonal growth pattern that optimizes nutrient and water uptake and 
anchorage. Optimum growth of the root system is determined by surrounded soil 
environment (Ryan et al. 2016). Although the developmental process of RSA traits is 
affected by environmental cues, the extent of root system plasticity is determined by its 
genetic component (Serra et al. 2013; Ristova and Busch 2014). Because of these 
environment and genetic interaction components, RSA shows considerable variation 
among species, cultivars, and genotypes of a given species (Lynch 1995). The main 
environmental factor that affects root system growth and development is the 
heterogeneity of the soil properties such as water and nitrogen content, and bulk density 
around the root system (Comas et al. 2013, Serra et al. 2013; Ryan et al. 2016). Serra 
(2013) suggests that the genotype variances may also cause changes in root physiology, 




2.2.3 RSA genetic control  
RSA variations among species indicate the genetic diversity and possibility of 
RSA into breeding practices especially for resource use efficiency and stress tolerance 
(Borevitz and Nordborg 2003). The use of accurate phenotyping and genotyping 
platforms facilitate accurate prediction of candidate QTLs and genes underlying root 
biological processes (Dorlodot et al. 2007; Valliyodan et al. 2017). Several studies on 
crop species have revealed trait-governing QTLs for RSA. Mapping studies on the annual 
crops rice (Uga et al. 2013), soybean (Valliyodan et al. 2017), barley (Robinson et al. 
2018), and wheat (Zhang et al. 2019) have identified co-located QTLs for root branching, 
morphology, biomass, and yield. In the deciduous tree Populus, QTLs were identified for 
adventitious root traits that co-located with related shoot traits (Zang et al. 2017; Sun et 
al. 2019).  
2.2.4 Grapevine RSA studies      
Not enough attention has been paid to breeding grapevines for efficient root 
systems due to the difficulties of accurate phenotyping roots and linking root form and 
function to crop productivity (Lynch 1995; Ryan et al. 2016). The degree of diversity and 
associated variation in root traits, their complex genetic control, and the strong 
environmental effects on morphological traits also make traditional genetic studies 
difficult in grapevine (Dorlodot et al. 2007). The grapevine root system has been studied 
for stress tolerance, water potential, nutrient deficiency, and root diseases (Smith 2010; 
Marguerit et al. 2012; Bert et al. 2013; Coupel-Ledru et al. 2014; Smith et al. 2018; 
Tandonnet et al. 2018; Yildirim et al. 2018). However, those studies hardly identified 




root traits are controlled by multiple genes, each governing small effects and often 
changing with environmental conditions (Dorlodot et al. 2007; Cooper et al. 2009).  
2.2.5 Objectives 
In grapevine literature, there is limited QTL mapping and genetic information of 
RSA variation; therefore, this study mainly focused to fulfill this gap. Using the QTL 
mapping method, this study aimed to explain root morphological variation and explore 
the genetic architecture of root morphology in V. riparia ‘Manitoba 37’ and ‘Seyval’ F2 
grapevine population.  
2.3 Materials and methods 
2.3.1 Planting material and growing conditions 
A mapping population of 266 F2 genotypes a self of a F1 (16_9_2) from a cross 
between V. riparia (female, ‘Manitoba 37’, PI 588289) and ‘Seyval’ (male, seyve Villard 
5-276) cross was used in this study (Fennell et al. 2005). The original F2 potted vines are 
maintained by cycling between the greenhouse and cold room at 40 C. Canes were 
collected from the F2 population, the parent and grandparents in November 2016 and 
stored at 4 0C as three nodes cuttings keeping genotype identity until May. Chilling 
fulfilled canes were taken out of the cold room in early spring 2017 and placed in a 
container with 10 cm of water to rehydrate. After three days, cuttings with swollen buds 
were cut into single node cutting (approximately 6 cm long) and planted randomly in 
perlite filled root box (60×45×15 cm3) with 7.5 cm within row and between row spacing. 
The root boxes kept at saturated moisture level in the greenhouse with natural sunlight at 




2.3.2 Trait measurements  
After 35±3 days, plants with root systems were collected and cleaned with tap 
water. Samples were placed in plastic bags with 1 ml water and placed at 40 C until 
scanning. Genotypes and their replicates identity were maintained on all samples 
throughout the experiment. Each root system was scanned using Epson scanner 
(PERFECTION V700PHOTO, Seiko Epson Corporation, Tokyo, Japan). The sample was 
flipped and scanned again to get the mean trait values. Then the length of the longest root 
was measured manually using a ruler. All the roots were then cut off the stem and root 
fresh weight (FW) measured. The roots were dried at 600 C for 48 hours and dry weight 
(DW) measured. Finally, the diameter (SD) and length (SL) of the single node stem 
cutting were measured. Sixteen traits related to RSA were measured. Trait abbreviations 
and their descriptions are listed in Table 2.1. The F1 parent and grandparent trait 
measurements were calculated using 15 replicates per each genotype. 
Twelve RSA traits were determined via WinRHIZO software (version 2016, 
Regent Instruments, Quebec, Canada) for each individual plant. The image of the root 
system was saved as a picture for future uses. All 14 traits related to RSA (12 from 
WinRHIZO software and two (FW and DW) from direct measurements) categorized into 
four groups (size, branching, link, and biomass) based on contribution to RSA. The first 
group is size that includes total root length (TRL), surface area (SA), root volume (RV), 
average diameter (AD), and longest root length (LR). Branching category consists of 
number of tips (NT), number of forks (NF), and number of link (NL). Average link 
length (ALL), average link surface area (ALSA), average link diameter (ALD), and 




includes fresh weight (FW) and dry weight (DW). We used both category and/or trait 
names throughout the study as needed for easy explanation. 
2.3.3 Statistical analysis 
For each trait, mean, standard deviation, median, minimum, maximum, and 
standard error were calculated. The grandparent’s trait means were tested for significant 
differences using a t-test in R (R core team 2019). The genotype mean trait values for 16 
traits were explored for within correlation, major trait contribution by principal 
component (PCA), and genotype relationship to grand/parents by cluster analysis. Data 
that includes 14 traits except SD and SL was analyzed to identify loci related to trait. The 
Hmisc package (Harrell 2019) in R (R core team 2019) was used to calculate significant 
trait Pearson correlation coefficients. Principal component analysis was conducted for 16 
traits to identify trait contribution to RSA using the factoextra package (Kassambara and 
Mundt 2017) in R (R core team 2019). Unsupervised k-means clustering method was 
used to categorize the F2 individuals with zero missing trait values using cluster package 
(Maechler et al. 2019) in R (R core team 2019). Descriptive data analyses were done 
using dplyr (Wickham et al. 2019) and psych (Revelle 2018) packages in R (R core team 
2019).    
2.3.4 QTL analysis 
Quantitative trait loci detection was carried out for each trait separately on the 
GBS-RhAmpSeq integrated genetic map (Karn et al. in preparation) with R/qtl software 
package (Broman et al. 2003) for all traits except SD and SL. Root architecture 
phenotypes were transformed when data were not normally distributed. Interval mapping 




and compared with single marker analysis. A permutation test was performed to identify 
the log10 likelihood ratio (LOD) threshold (1,000 permutations) with genome-wide false 
discovery rate at 5%. QTLs that had LOD above 10% threshold were considered as main 
QTLs. Additional QTLs were searched for according to the R/qtl package instruction. 
Then, all the significant QTLs obtained for a trait were used to create an additive model 
and tested for significant interactions. QTL peak position marker, LOD score, percentage 
of variance explained by the model, and additive and dominance effect were evaluated by 
analysis of variance. Using Bayesian method, 95% confidence intervals were calculated. 
The genomic regions that relatively enriched in QTLs compared to other regions 
(hotspots) were analyzed to check whether the hotspot effect is due to pleiotropy QTLs 
using qtlpvl package (Tian and Browman 2015; Yang et al. 2019). 
2.3.5 Network analysis 
Network analyses were conducted for one randomly selected RSA trait in each 
category (size category – AD, branching – NF, link category – ALL, biomass – FW). 
Potential candidate pathways/genes for RSA traits were identified for all main and 
additional QTLs. We selected the shortest R/qtl confidence interval/ physical position of 
flanking SNP markers from 95% Bayesian credible interval, flanking markers of genome 
wide LOD scores above 10% threshold, or confidence interval from biological peak of 
each trait for network analysis. Candidate pathways/ genes were recognized based on 
functional annotation of the Vitis vinifera PN40024 12X V2 annotation, VitisNet 
pathways and physical position of flanking SNP markers. Genetic pathways associated 
with QTLs were tested for enrichment in VitisNet Pathways, using Fisher’s (p-value < 





2.4.1 RSA phenotypic variation among grandparents, the parent and F2 
population 
Adventitious roots that developed under well-watered condition were analyzed in 
this study. The grandparents, the parent, and the F2 population were grown in root boxes 
in the greenhouse as shown in Figure 2.1 prior to the high-throughput RSA phenotyping. 
The RSA phenotypic variation for the grandparents and the parent of the F2 population is 
shown in Figure 2.2. Significant differences between means of the grandparents were 
detected for all measured RSA traits except RV, ALBA, LR, and FW (Table 2.2). TRL, 
SA, NT, NF, NL, and DW were greater in ‘Seyval’ male grandparent compared to female 
grandparent. However, AD, ALL, ALSA, and ALD were significantly greater in V. 
riparia ‘Manitoba 37’ as compared to ‘Seyval’. The F1 mean RSA traits values of TRL, 
SA, RV, NT, NF, NL, ALBA, LR, FW, and DW were greater than the grandparents. The 
mean AD and ALD were greater in V. riparia ‘Manitoba 37’compared to ‘Seyval’ and F1 
(Table 2.2) whereas ALL, and ALSA mean trait values of F1 were similar to mean trait 
values of ‘Seyval’. The mean trait values of all measured traits showed segregation in the 
F2 population. The Shapiro-Wilk normality test results (Table 2.2) indicated that all trait 
distributions deviated from normality. The F2 mean for TRL, SA, RV, NT, NF, NL, 
ALBA, and FW trait values are greater than grandparents but less than the parent. In 
addition, F2 AD, ALL, ALSA, and ALD were higher than the F1 and ‘Seyval’, but less 




2.4.2 Trait correlations 
The size (except AD), branching and biomass categories showed significant 
(p<0.05) and strong positive correlations among them (Table 2.3). Link traits did not 
display a strong correlation with size (except AD), branching, and biomass related traits. 
The relationship of AD with other size, branching, and biomass traits was negative, but 
with the link traits, AD had a mild and positive relationships. Diameter and length of 
rooted cutting (SD and SL) did not show a strong correlation with RSA traits suggesting 
root morphological traits are independent from cutting size.     
2.4.3 Trait contribution to RSA 
The principal component analysis was performed for all RSA traits measured in 
the population to identify the trait contribution to RSA. The first dimension/ principal 
component (Dim1), second (Dim2), and third (Dim3) explained 45.9%, 18.8% and 10.3% 
of the variation respectively (Figure 2.3). The first dimension was mostly explained by 
size (SA, TRL, RV, LR), branching (NL, NF, NT), and biomass related traits including 
FW, and DW. Average diameter (AD), and link related traits such as ALSA, ALL, and 
ALD were the traits that contributed to the second dimension. The third dimension was 
mainly characterized by ALBA. Traits that contributed to first and second dimensions 
made separate groups in PCA bi-plot (Figure 2.3).  
2.4.4 Genetic diversity in F2 population 
Cluster analysis that performed with 16 RSA traits classified 241 genotypes into 
three groups (Figure 2.4). Cluster 1 comprised 55 genotypes including female 
grandparent, V. riparia ‘Manitoba 37’. A second cluster contained ‘Seyval’ and 120 




2.4.5 QTL detection 
A total of 42 QTLs were detected for 11 RSA traits on every chromosome except 
3, 5, 6 and 12 (Table 2.4). Although all the main QTLs were above 10% LOD threshold 
level, some of the additional QTLs had LOD thresholds below 10% genome wide 
threshold level. No QTLs were observed for ALBA, ALSA, and DW. Both interval 
mapping and single marker analysis showed similar results.  
For size traits, 18 significant QTLs were observed (Table 2.4). Seventeen QTLs 
were obtained for branching traits and six QTLs were identified for link related traits 
(Table 2.4). Only one QTL was observed for biomass traits.   
2.4.5.1 QTL co-localization                     
Co-localization of QTLs were observed in chr1 (4 traits), chr9 (5 traits), chr11 (4 
traits), chr13 (7 traits), and chr19 (9 traits). The QTLs co-located on chr1 consisted of 
TRL, AD, NF, and NL traits. Three QTLs had the same peak marker rh_1_3008587, and 
other QTL showed on gbs_1_1785756 marker. The QTL hotspot on chr9 consists of 
associated QTLs for TRL, AD, NF, NL, and NT traits. Total root length (TRL), SA, NF, 
and NL QTLs were overlapped on chr11 hotspot and had close peak position markers 
(gbs_11_18591959 and rh_11_18708021). Seven QTLs for TRL, SA, RV, NT, NL, NF, 
and FW traits were on chr13 between 0 – 9.51 cM. QTLs for TRL, RV, SA, NT, NF, NL, 
ALL, ALD, and LR traits were identified on chr19. Their peak positions ranged between 
25.07 and 42.64 cM genetic distance. Confidence intervals were smaller for TRL, NF, 
and LR compared to RV, SA, NT, NL, ALL, and ALD. QTLs in chr11, chr13, and chr19 




In hotspot analysis, significant pleiotropic QTLs that affect multiple traits were 
identified in chromosomes 1, 9, 11, 13 and 19 (p<0.05). Two major loci  were identified 
in hotspots in chromosomes 9 and 19. In chr9, one loci is influenced by AD while other 
traits at these hotspots were influenced by the second loci. In chr19 hotspot, TRL, SA, 
NF, and NL traits were responsible for one loci while other traits accounted for the other 
loci.   
2.4.5.2 QTL modelling 
Eleven models were built for all measured root traits that had more than one QTL 
per trait. All the models were additive for this study (Table 2.4). These models explained 
14.9 to 34.4% of the phenotypic variance with model LOD scores ranging from 8.79 to 
23.91.  
The model for TRL contained five QTLs and explained 26.04% variability. The 
models developed for RV, SA, AD, LR, and ALL each contained three QTLs and 
elucidated 15.8, 15, 22.5, 17.5, and 15.6% of the variation respectively. The explained 
variability was 22.4% for the NT model with five QTLs. For NL and NF traits, two 
models with six QTLs each explained 32.8 and 34.4% of total trait variability, 
respectively. The AD model with four QTLs explained 22.5% of the relevant trait 
variation.  
2.4.6 Network analysis 
Network analysis identified pathways specifically related to each trait as well as 
related to root growth and development, cellular process, metabolism, regulation, 
transportation, and hormonal signaling (Table 2.5). We identified transcription factors 




protein) for NF, AD and FW. In addition, we identified several candidate pathways 
involved in cell division (vv40006Cell_wall, vv44110Cell_cycle), hormonal signaling 
(vv3001ABA signaling, vv30003Auxin signaling, and vv30008Ethylene signaling), 
nutrient transport (vv50122Porters_cat_7_to_17, vv50125Porters_cat_66_to_94, and 
vv52010ABC_transporters), lipid metabolism (vv10565Ether_lipid_metabolism, 
vv10565Ether_lipid_metabolism, vv10600Sphingolipid_metabolism) and stress 
management (vv60044MYB, vv60002Alfin-like). Most of these were common for all 
traits.  
2.5 Discussion 
2.5.1 Phenotypic variation among grandparents, the parent, and F2  
Genetically distinct parents produce progeny with varied phenotypes, which can 
be used for crop improvements. In the studied F2 population, the female grandparent was 
V. riparia ‘Manitoba 37’, which is wild, native to the northern United States, and well 
known for thriving in a cold climate (Londo and Kovaleski 2019). The male parent 
‘Seyval’ an interspecific hybrid (V. vinifera, V. aestivalis; V. rupestris), is a quality white 
wine cultivar. In our study, significant differences were present among RSA traits 
measured in grandparents, the F1 parent and the F2 grapevine population. The number of 
tips (NT) in the 5-week-old adventitious root system roughly describes the number of 
roots. ‘Seyval’ showed more adventitious roots and greater TRL compared to V. riparia 
‘Manitoba 37’. Thicker roots are best described by AD, RV, ALSA, and ALD traits that 
are greater in V. riparia ‘Manitoba 37’ than in ‘Seyval’. According to Tandonnet (2018), 
large diameter roots explore deeper root zones. However, our study reported greater AD 




F1 parent showed greater traits values for all the traits except ALL, ALSA, and ALD than 
grandparents and F2 population mean showing its hybrid vigor. Unsupervised cluster 
analysis statistically classified the F2 population into three clusters each contains V. 
riparia ‘Manitoba 37’, ‘Seyval’ or F1 based on RSA trait variations. The largest cluster 
contained ‘Seyval’ suggesting its dominant allelic effect.  
2.5.2 RSA hotspots carry traits that have similar and different genetic background                                                                                                                                                          
QTLs for the RSA traits that we measured in our study showed co-location trends 
creating hotspots rather than appearing as isolated QTLs. Size (TRL) and branching (NF, 
and NL) traits that had positive correlation co-located in our analysis (on chr1, chr9, 
chr11, chr13, and chr19) suggesting similar genetic mechanism.  Previous grapevine 
genetic studies have reported hotspots for different traits with high correlation 
coefficients (Coupel-Ledru et al. 2014). Though, pleiotropy effect is common in hotspots, 
closely located QTLs that govern different genetic mechanisms can be found in hotspots 
(Yang et al. 2019). Our study showed hotspots with two majot loci. A chr9 hotspot in our 
study consists of traits that had opposite correlations (negative (AD) and positive (TRL, 
NL, NF, NT)) and additive/dominance effects. The chr9 hotspot may have genetic 
mechanism to control both root length and diameter according to the soil environment 
changes. The descriptive and PCA analysis of this study showed that TRL and AD have 
the opposite expression patterns. Therefore, QTL hotspots on chromosomes 9, 11, and 19 
in our study suggested highly related QTLs with different genetic controlling mechanism. 
Supporting our results, several studies have shown that RSA traits function together to 
ensure resource uptake and plant survival under special circumstances (Comas et al. 




2.5.3 Co-location of size and branching RSA traits and their correlation reveals 
better adaptation to the region 
Size traits (TRL, RV, LR), and branching traits (NT, NF, NL) showed a high and 
positive correlation suggesting a common genetic mechanism. These traits together 
contribute to root system magnitude and a greater value for the size and branching traits 
would indicate a greater total root system size, which would be beneficial for water and 
nutrient uptake and strong plant anchorage (Sun et al. 2011; Comas et al. 2013; Lynch 
2013). F2 population had deeper root system that lengthens maximum LR to 33 cm, 
which performs well in the cold region (Chapin 1974; Alvarez-Uria and Korner 2007). 
We observed TRL QTLs on chr1 and chr9 which were previously reported on same 
chromosomes for (thin or thick) root number, and diameter (area of basal root cross 
section) in V. vinifera and V. riparia ‘Manitoba 37’ related field F1 rootstock grapevine 
study (Tandonnet et al. 2018). Root diameter depends on the number of vascular poles in 
the root central cylinder, hence, thick roots support efficiency in water absorption and 
better anchorage (Smart et al. 2002; Aloni et al. 2006; Alvarez-Uria and Korner 2007; 
Dorlodot et al. 2007). Similar to our results, previous studies also observed co-located 
AD QTLs with size QTLs (Tandonnet et al. 2018). A negative correlation of AD with 
size traits was previously observed and Chapin (1974) suggested that thinner roots are an 
adaptation for the cold regions (Chapin 1974). Our study suggests that studied F2 
population carries favorable traits from both grandparents (TRL, NF, NL from ‘Seyval’ 




2.5.4   Size and branching QTLs co-locate with water transpiration and iron 
uptake QTLs                          . 
  Since one of the main objectives of MAS is to manipulate RSA to optimize water 
and nutrient uptake, identification of QTL regions that are responsible is essential. 
Previous grapevine genetic studies have been focused on finding the leaf water potential 
and transpiration under drought and scion transpiration and its acclimation to water 
deficit propose association with our RSA study (Marguerit et al. 2012; Coupel-Ledru et 
al. 2014). A transpiration QTL, under well-watered condition, on chr1 was in the same 
region as the QTL hotspot on chr1 (traits in chr1 hotspot are TRL, AD, NF, and NL) in 
our study (Coupel-Ledru et al. 2014). Rootstock controled scion transpiration QTLs also 
co-localized with QTL hotspots on chr11 (traits are TRL, SA, NF, and NL)and chr19 in 
this study (Marguerit et al. 2012). Leaf chlorosis led by lime induced iron deficiency 
QTLs in F1 grapevine genotypes from V. vinifera Cabernet Sauvignon (tolerant) × V. 
riparia Gloire de Montpellier cross were co-localized with the QTL hotspot on chr1, 
chr9, and chr19 in our study suggesting a relationship between chlorosis by iron 
deficiency and RSA traits (Bert et al. 2013). These results suggest that morphological 
RSA QTLs that we observed in our study are important in water and resource 
acquivisition in grapevine F2 population. 
2.5.5 RSA is multigenic 
In the present study, all identified QTLs had a minor effect, which explained less 
than 10% of phenotypic variance in agreement with previous grapevine RSA studies. 
Most of the previous RSA traits have been explained as multigenic traits with 3-6 QTLs 




However, modeling of the QTLs for each trait estimates the total trait contribution and 
resulting in a greater explanation of the variability (15 to 34%). Dorlodot (2007) suggests 
that modeling of RSA traits may address the complexity of RSA and reveal interesting 
relationships between the RSA traits. Comas (2013) discussed the possibility to identify 
QTL location in related species using comparative QTL mapping as an advantage of 
modeling.  
2.5.5.1 Modelling QTLs helps understanding the genetic architecture of traits 
Most QTLs under each trait harbored genes predicted to play roles in RSA 
morphology. Number of forks (NF) trait explains how many branches in the root system 
and dense root system means more number of forks. In NF trait on chr13, we observed 
GRAS and AS2 (LOB) transcription factor genes that are involved in plant organ 
development. The LOB gene is usually expressed in lateral roots that are in contact with 
water, supporting post-embryonic root initiation while GRAS produces root radial 
patterning  (Slovak et al. 2016; Grimplet et al. 2017).  Also noted were auxin signaling 
pathways that support shaping RSA by regulating vascular differentiation, and lateral root 
initiation were identified in chr1 and chr13. In addition, several porter genes were 
enriched in main QTLs (chr1, chr11, and chr19) and two additional QTLs (chr9, chr14) 
suggesting ion transportation as a function of the NF trait. Two MYB genes were 
identified on additional QTLs (chr9 and chr14). As MYB family supports hairy root 
development in grapevine, this observation suggests their potential importance in 
increasing number of forks (Huang et al. 2013). Based on the pathway analysis results, it 
seems that both main and additional QTLs contribute to the NF trait in F2 grapevine 




transpiration, were co-located with main QTLs in the NF QTL model (Marguerit et al. 
2012; Coupel-Ledru et al. 2014). These observations and the pathway analysis results 
suggest that branched root system plays important role in resource acquisition of F2 
grapevine population.          
2.5.5.2 Enriched pathways in RSA traits   
One factor that determines thickness of the vascular bundle is root diameter; 
therefore, root diameter can be used to impute vascular thickness. Root apical meristem 
(that is regulated by auxin) controls vascular bundle thickness (Aloni et al. 2006). In AD 
QTL model, we identified several auxin related pathways suggesting auxin has a role in 
regulating root diameter in F2 grapevine. Supporting this, cell wall, lipid metabolism and 
ubiquinone biosynthesis pathways underlying the AD loci we identified. In the ALL trait, 
transportation related pathways were identified for all QTLs. Further, ethylene signaling 
genes that have been identified as having a role in lateral root formation were identified 
underlying both NF and AD QTL, suggesting a common genetic mechanism with NF and 
AD (Aloni et al. 2006). The biomass trait; FW also had similar pathways as NF 
underlying its QTL showing a positive relationship between biomass and branching trait.  
2.5.6 Adventitious root traits are independent of cutting size 
The highly heterozygous grapevines are propagated vegetatively to maintain 
cultivar traits (Smart, et al. 2002). Adventitious roots on woody cutting form the entire 
root system in grapevines. Therefore, the cutting size is an important factor as it relates 
to stored carbon and vascular development (Smart, et al. 2002). In our study, RSA traits 




independent from cutting size. In addition, this result did not support the common belief 
that large size cutting promotes larger root system.  
2.5.7 Similar results for single marker analysis (marker regression) and interval 
mapping 
In single marker analysis, each marker considers individually and splits genotypes 
into groups. Greater average phenotype difference that obtained by genotype group 
comparison indicates the presence of a QTL. Since the mapping population is an 
intercross, we preformed an ANOVA for each marker. Interval mapping which uses 
maximum likelihood estimation with Haley-Knott regression provides fast 
approximation for QTL approximation and may give artifacts. We observed similar 
results for both marker regression and interval mapping as the genetic map consists of a 
large number of markers with complete genotype data improving the accuracy of QTL 
detection.  
2.5.8 Conclusions  
Here we reported the variation and detected QTLs of own-rooted F2 population. A 
strong positive relationship was identified between size (except AD) and branching RSA 
traits. AD showed a positive correlation with link traits and a negative correlation with 
size and branching traits. Five QTL hotspots with pleiotropic effect were identified on 
chromosomes 1, 9, 11, 13, and 19 and they consist of size, branching, and link traits. 
Enriched pathways underline QTLs suggested distinct genetic mechanisms for lateral root 
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Table 2-1 Root system architecture traits abbreviations and measurement unit  
 
Trait Abbreviation Unit Description 
Total root length TRL cm Whole root system length  
Surface area SA cm2 Whole root system surface area 
Root volume RV cm3 Whole root system volume 
Average diameter AD mm Whole root system average diameter 
Number of tips NT Count Root tip number of or lateral root number. This lateral roots include 
primary, secondary and tertiary laterals 
Number of forks NF Count Fork number or divides in whole root system  
Number of links NL Count Root system connectivity or piece of root between two branching 
points (interior link) or between a branch and a meristem 
(exterior link). 
Average link length ALL cm Average length of a connection or distance between branches 
Average link surface area ALSA cm2 Average link surface area   
Average link diameter ALD mm Average link diameter 
Average link branching angle ALBA degree Angle between two links or lateral root angle from its parent root 
Longest root LR cm The longest root length  
Fresh weight FW g Whole root system weight after harvesting 
Dry weight DW g Whole root system weight after keeping 48 hours at 60  0C 
Stem diameter SD mm Single node stem cutting diameter at collar region  
Stem length SL cm Single node stem cutting length 




Table 2-2 Descriptive statistics for grandparents, the parent, and F2 population for 16 RSA traits  
    
Trait 
Grandparents t test The parent   F2    
VR37  Seyval  F1    F2  Min Max W 
TRL 50.72±7.62 102.97±5.55 * 199.56±11.86  114.13±1.56 3.75 403.77 0.93* 
SA 15.43±1.48 21.03±1.09 * 44.44±2.53  28.72±0.36 1.71 99.39 0.94* 
RV 0.40±0.03 0.35±0.02 NS 0.80±0.05  0.60±0.01 0.03 2.29 0.94* 
AD 1.09±0.06 0.65±0.02 * 0.72±0.02  0.84±0 0.49 1.65 0.94* 
NT 171.67±25.44 387.22±24 * 564.21±32.81  340.78±4.71 13.00 1528.00 0.91* 
NF 87.67±12.07 234.11±9.16 * 554.93±47.25  284.37±4.6 2.00 1274.00 0.89* 
NL 218.17±28.84 547.94±21.37 * 1127.96±84.41  615.05±9.15 14.00 2381.00 0.92* 
ALL 0.26±0.01 0.20±0 * 0.20±0  0.22±0 0.11 1.18 0.79* 
ALSA 0.11±0.03 0.04±0 * 0.04±0  0.06±0 0.02 1.21 0.31* 
ALD 0.81±0.07 0.56±0.03 * 0.67±0.02  0.70±0 0.05 1.55 0.96* 
ALBA 41.44±0.35 40.96±0.35 NS 41.96±0.12  41.62±0.03 31.00 49.70 0.96* 
LR 9.45±1.44 11.68±0.55 NS 13.66±0.7  11.47±0.1 1.00 33.70 0.95* 
FW 0.52±0.12 0.48±0.03 NS 0.99±0.09  0.72±0.01 0.00 3.80 0.90* 
DW 0.02±0 0.05±0.01 * 0.11±0.01  0.05±0 0.00 0.30 0.90* 
SD 4.53±0.15 6.67±0.24 * 6.54±0.16  5.84±0.03 3.00 13.00 0.96* 
SL 6.78±0.23 5.66±0.1 * 5.99±0   6.12±0.02 2.70 10.70 0.89* 
Values are mean + standard error (se); VR37, Vitis riparia ‘Manitoba 37’, n=18; Seyval, n=18; F1, the parent, n=28; * , 
statistically significant at p ≤ 0.05; NS, statistically not significant at p ≤ 0.05; Min, observed minimum value in the study; 




Table 2-3 Pearson correlation coefficients for 16 RSA traits in F2  
  
TRL SA RV AD NT NF NL ALL ALSA ALD ALBA LR FW DW SD SL 
 
Size 
TRL 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00  
SA 0.94 1 0.00 0.00 0.00 0.00 0.00 0.39 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00  
RV 0.75 0.92 1 0.00 0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
AD -0.39 -0.13 0.22 1 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.25 0.26 0.00 0.00  
Branc
hing  
NT 0.83 0.78 0.61 -0.38 1 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00  
NF 0.91 0.84 0.65 -0.40 0.71 1 0.00 0.00 0.00 0.02 0.95 0.00 0.00 0.00 0.05 0.00  
NL 0.94 0.88 0.69 -0.41 0.83 0.98 1 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.27 0.00  
Link 
ALL -0.11 -0.02 0.09 0.40 -0.26 -0.31 -0.32 1 0.00 0.00 0.00 0.00 0.19 0.01 0.00 0.00  
ALSA -0.16 -0.07 0.05 0.37 -0.20 -0.21 -0.22 0.41 1 0.00 0.06 0.04 0.66 0.17 0.00 0.95  
ALD -0.16 0.04 0.28 0.68 -0.35 -0.05 -0.14 0.24 0.26 1 0.94 0.00 0.00 0.00 0.00 0.72  
ALBA -0.11 -0.11 -0.10 0.00 -0.06 0.00 -0.02 -0.23 -0.04 0.00 1 0.00 0.00 0.00 0.04 0.07  
Size LR 0.67 0.66 0.55 -0.22 0.65 0.43 0.51 0.11 -0.05 -0.25 -0.16 1 0.00 0.00 0.02 0.00  
bioma
ss 
FW 0.80 0.87 0.84 -0.03 0.67 0.71 0.74 0.03 -0.01 0.11 -0.13 0.57 1 0.00 0.00 0.00  
DW 0.78 0.85 0.81 -0.02 0.61 0.66 0.72 0.06 -0.03 0.08 -0.11 0.60 0.84 1 0.00 0.00  
 SD 0.06 0.16 0.27 0.28 -0.07 0.04 0.02 0.18 0.11 0.34 -0.05 0.05 0.21 0.25 1 0.00  
 SL 0.11 0.15 0.18 0.08 0.22 0.12 0.14 -0.10 0.00 0.01 0.04 0.08 0.17 0.11 -0.09 1  
 
Lower left: Pearson correlation coefficients (significant (p-value<0.05) Pearson correlation coefficients are in bold); upper right: p-

























































































































































































































































































AD 0.29 3.86 3.53 A 18 3.13 48.86 
gbs_18_112068












AD 0.29 3.86 3.53 M 17 4.79 40.33 
gbs_17_176450







ALBA NoQTL                                - 
ALD 0.9 3.78 3.48 A 15 2.75 29.41 
rh_15_1840836







ALD 0.9 3.78 3.48 A 19 1.77 25.07 
gbs_19_236864





ALD 0.9 3.78 3.48 M 14 4.65 13.97 
gbs_14_157188



















ALL 0.03 3.75 3.44 M 19 4.73 38.32 
gbs_19_734021







ALSA  NoQTL                               
- 
DW  NoQTL                               
- 















LR 0.67 3.88 3.55 A 19 3.14 31.55 
gbs_19_617902




























NF  0.05 3.93 3.58 A 14 2.07 51.36 
rh_14_2687759
















NF  0.05 3.93 3.58 M 11 4.78 52.13 
rh_11_1870802
























NL 0.12 3.82 3.49 A 14 1.72 51.27 
rh_14_2668706
















NL 0.12 3.82 3.49 M 11 3.98 51.54 
gbs_11_185919

























NT 0.75 3.68 3.41 A 8 2.30 58.96 
gbs_8_2245896


















0.75 3.68 3.41 A 16 2.29 22.69 
gbs_16_136616







NT 0.75 3.68 3.41 A 19 2.80 31.94 
gbs_19_641436




































SA 0.49 3.79 3.50 A 11 2.22 51.54 
gbs_11_185919




























TRL  0.151 3.88 3.57 A 11 3.18 51.54 
gbs_11_185919

































NoQTL, No QTL observed; LOD, likelihood ratio comparing the hypothesis of a QTL at a position versus that of no QTL (Broman   
et al. 2003); QTL type, whether the QTL is identified in genome-wide scanning (M, main QTL) or added in to the model when 
modeling (A, additional QTLs significant at modelling); % variation, the percentage variation explained by the QTL or model; rh, 

















Table 2-5 Enriched pathways on detected QTLs related to size, branching, link, and biomass RSA categories  
Category Trait Main QTL/s Additional QTL/s 
Size AD chr17 chr9 
  vv10130Ubiquinone_biosynthesis vv23015mRNA_surveillance_pathway 
  vv10902Monoterpenoid_biosynthesis vv34627R_proteins_from_Plant-pathogen_interaction 
  vv40006Cell_wall vv44145Phagosome 
  vv50122Porters_cat_7_to_17 vv44810Regulation_of_actin_cytoskeleton 
  chr18 vv50110Protein_coat 
  vv10010Glycolysis vv52010ABC_transporters 
  vv10030Pentose_phosphate vv30001ABA_signaling 
  vv10561Glycerolipid_metabolism vv60008AUXIAA 
  vv10564Glycerophospholipid_metabolism chr1 
  vv10565Ether_lipid_metabolism vv10941Flavonoid_biosynthesis 
  vv10600Sphingolipid_metabolism vv23013RNA_transport 
  vv50004Auxin_transport vv23015mRNA_surveillance_pathway 
  vv50125Porters_cat_66_to_94 vv23018RNA_degradation 
  vv60034HB vv23050Proteasome 
  vv60073Orphans_zf-b_box vv50122Porters_cat_7_to_17 
   vv50133Primary_active_transporter_cat_A9_to_A18 
   vv60011BHLH 
  






Branching NF chr19 chr14 
  vv10620Pyruvate_metabolism vv10240Pyrimidine_metabolism 
  vv10720Reductive_carboxylate_cycle vv10511N-Glycan_degradation 




  vv52010ABC_transporters vv34626Plant-pathogen_interaction 
  vv60021CCAAT vv50104Group_translocators 
  vv60048PHD vv50124Porters_cat_30_to_64 
  vv60092SWIB vv60044MYB 
  chr11 chr13 
  vv10040Pentoseglucuronate_interconversion vv10966Glucosinolate_biosynthesis 
  vv10100Biosynthesis_of_steroids vv60032GRAS 
  vv10780Biotin_metabolism vv30001ABA_signaling 
  vv10941Flavonoid_biosynthesis vv44110Cell_cycle 
  vv34710Circadian_rhythm vv50121Porters_cat_1_to_6 
  vv40006Cell_wall vv24120Ubiquitin_mediated_proteolysis 
  vv50104Group_translocators vv60007AS2 
  vv50125Porters_cat_66_to_94 chr9 
  vv60014C2C2-CO vv23010Ribosome 
  chr1 vv30003Auxin_signaling 
  vv50125Porters_cat_66_to_94 vv44145Phagosome 
  vv30009Flower_development vv44810Regulation_of_actin_cytoskeleton 
  vv10564Glycerophospholipid_metabolism vv50111Tethering_factors 
  vv60078Other_zf-C3HC4 vv60044MYB 
  vv10565Ether_lipid_metabolism  
 
 vv60073Orphans_zf-b_box  
 





Link ALL chr19 chr2 
  vv10720Reductive_carboxylate_cycle vv10520Nucleotide_sugars_metabolism 
  vv52010ABC_transporters vv10630Glyoxylate_and_dicarboxylate_metabolism 
  
vv60021CCAAT(Nuclear transcription factor Y 
subunit B-9) 
vv10640Propanoate_metabolism 




  vv10620Pyruvate_metabolism vv30008Ethylene_signaling 
  vv60092SWIB vv50109Incompletely_characterized_transport_systems 
  vv60048PHD vv50122Porters_cat_7_to_17 
   vv50124Porters_cat_30_to_64 
   vv52010ABC_transporters 
   vv60035HMG  
   
vv60077Other_zf-AN1(A20/AN1-like zinc finger 
family protein) 
   chr18 
   vv10680Methane_metabolism 
   vv10908Zeatin_biosynthesis 
   vv30008Ethylene_signaling 
   vv50110Protein_coat 
   vv50122Porters_cat_7_to_17 
   vv50124Porters_cat_30_to_64 
   
vv50132Primary_active_transporter_cat_A5_to_A8 
 
Biomass FW chr13  
  vv10966Glucosinolate_biosynthesis  
  vv44110Cell_cycle  
  vv30001ABA_signaling  
  vv50121Porters_cat_1_to_6  
  vv60007AS2  
  vv60056SET_PCG  
  vv10740Riboflavin_metabolism  
  vv10400Phenylalaninetyrosineandtryptophanbiosynthesis 
    vv10860Porphyrin_and_chlorophyll_metabolism   
    





Figure 2-1 A sample root box just before harvesting.  








Figure 2-2 Five-week old root systems of grandparents V. riparia ‘Manitoba 37’ (A) and 















Figure 2-3 Root system architecture trait principal component biplot  
The first (Dim1) and second (Dim2) principal component are in x and y-axis respectively. 
Capital letters represent measured traits of RSA. Red and white ovals represent clusters 












Figure 2-4 F2 population cluster plot for 16 root system traits 
Cluster plot was generated by using k-means clustering method and principal component 
analysis. VR37 indicates V. riparia ‘Manitoba 37’, and F1 indicates the parent. Colored 
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Figure 2-5 Location of QTL hotspots on GBS-RhAmpSeq map. Loci are presented with 
the most significantly associated markers. Vertical disk on the QTL represent the peak 
position markers of the QTL. Genome wide LOD score plot was drawn for a randomly 
selected trait in the hotspot. Confidence SNP markers used for pathway analysis are 







3 Chapter 3 Freezing Tolerance QTL Mapping using an Integrated GBS and 
rhAmpSeq Genetic Map in an F2 Grapevine Population 
3.1 Abstract 
Freezing tolerance is an important factor affecting grapevine winter survival in the 
Northern United States. A better understanding of the genetic architecture of freezing 
tolerance in grapevine will aid the development of hardy cultivars with improved winter 
survival. The objectives of this study were to conduct a freezing tolerance evaluation and 
identify QTLs associated with freezing tolerance in V. riparia ‘Manitoba 37’ × ‘Seyval’ 
derived F2 population. The segregating F2 population, grown in vineyard at the N. E. 
Hansen Research Station, Brookings, SD, was screened for freezing tolerance. Freezing 
tolerance was determined during dormant season in 6 years.  Low temperature exotherms 
(LTE) were recorded at each winter sampling point for each genotype with three random 
replicates. F2 genotypes showed a significant effect on freezing tolerance over six years. 
Parallel to the freezing tolerance mapping, long-term winter endurance data collected for 
the same F2 population after 10 years in the field. A rhAmpSeq-GBS integrated linkage 
map was used for QTL mapping. Eighteen significant QTL were identified, eight for 
freezing tolerance and 10 for long-term winter endurance. Colocation of freezing 
tolerance and long-term winter endurance QTLs suggested similar genetic control of 
these traits in V. riparia ‘Manitoba 37’ × ‘Seyval’ F2 population. Circadian pathway 
genes in early freezing tolerance QTL indicated the impact of photoperiod on freezing 
tolerance initiation. WRKY and MADS family genes were significantly enriched in the 
regions underlying the chromosomes 4 and 14 QTLs for freezing tolerance and long-term 





3.2.1 Grapevine freezing tolerance  
Grape is a perennial deciduous high-value fruit crop. Northern native plants like 
grapevine show natural adaptations to cold weather, however, extreme low winter 
temperatures in the northern USA can cause significant damage to grapevine canes and 
buds reducing crop yield (Barka and Audran 1997; Fennell 2004; Fennell et al. 2014). 
Freezing tolerance is the ability of dormant grapevine tissues to survive in subzero 
temperatures (Gusta and Wisniewski 2013). Two main physiological phases associated 
with grapevine freezing tolerance are acclimation and deacclimation. Responding to low 
temperature and decreasing day length, grapevine starts acclimation by slowing down the 
growth and changing biochemical composition in cells (Fennell and Mathiason 2002). 
Unlike most of the other woody species, grapevines form compound axillary buds instead 
of terminal buds therefore; initiation of acclimation is not visible. During acclimation, 
bud freezing tolerance increases dramatically as temperature declines below freezing and 
continue to increase until environmental temperature reaches its minimum (Fennell 
2004). Maximum freezing tolerance of grapevine buds can be observed in mid-winter 
when the daily mean temperature continues to reduce below 00 C for a long period. 
Grapevine freezing tolerance is reversible during mid-winter with small temperature 
changes but irreversible after bud swell in deacclimation. Buds lose freezing tolerance as 
temperatures increase above 00 C whether they are chilling fulfilled even before they 




3.2.2 Factors affecting freezing tolerance 
Seasonal bud freezing tolerance of grapevine ranges from –2 to –420 C and varies 
depending on environment temperature, growing site, species, bud development stage, 
and location of the bud at the cane (Fennell 2004). Northern genotypes of V. riparia can 
tolerate extreme temperatures as –300 C compared to V. vinifera (Fennell 2004). In 
addition, previous weather conditions and bud freezing tolerance prior to the frost event 
are critical factors that determine bud freezing tolerance and long-term winter endurance 
(Gusta and Wisniewski 2013). Sudden temperature drops from warm to cold also cause to 
grapevine bud damage.  
3.2.3 Measuring freezing tolerance 
Grapevine freezing tolerance can be measured by several techniques, but one of 
the most widely used methods is differential thermal analysis or low temperature 
exotherm (LTE) identification (Mills et al. 2006; Londo and Kovaleski 2017). In this 
technique, the temperature of heat energy release when the intracellular water freezes 
(LTE) is the maximum freezing tolerance (Wample et al. 1990). Several previous 
grapevine studies have successfully used this method to evaluate cultivar bud-freezing 
tolerance (Mills et al. 2006; Londo and Kovaleski 2017).     
3.2.4 Markers for freezing tolerance QTL studies for grapevine  
Freezing tolerance is a multigenic complex trait that regulates multiple biological 
phenomena (Wisniewski 2015; Poudel et al. 2019). During acclimation and 
deacclimation, the formation of new cellular compounds or changes in the existing 
composition is expected in gaining or losing freezing tolerance. Some genes like C-repeat 




model plants (Oakley et al. 2014; Park et al. 2018). Freezing tolerance has been studied 
as a quantitative trait in several crop and perennial plants. Most of these abiotic stress 
genetic studies used marker-assisted selection (MAS) for breeding advancement 
(Witcombe et al. 2008). QTL studies are used to identify markers for subsequent MAS. 
Several studies have identified candidate genes for freezing tolerance in grapevine; 
however, there are few QTL mapping studies in literature (Xiao et al. 2008; Hou et al. 
2018).  
3.2.5 Objectives 
Suitability of the population for a specific trait is a key factor of genetic study, 
therefore priority should be given to select a population according to the objectives 
ideally two grand/parents should have contrasting phenotypes. With two contrasting 
parents for freezing tolerance in our population, objectives were established (1) to 
evaluate freezing tolerance of the F2 grapevine population across six years, (2) explore 
the genetic architecture of freezing tolerance in V. riparia ‘Manitoba 37’ and ‘Seyval’ F2 
grapevine population.        
3.3 Materials and methods 
3.3.1 Plant materials 
Samples for freezing tolerance study were collected from three generations 
including female grandparent Vitis riparia ‘Manitoba 37’, F1 parent (16_9_2), and F2 
mapping population. The F2 population was produced by selfing F1 (16_9_2) from a 
cross between V. riparia (female, ‘Manitoba 37’, PI 588289) and ‘Seyval’ (male, seyve 
Villard 5-276) in this study (Fennell et al. 2005). The F2 population, the parent and 




vineyard at Hansen Research Center, Brookings, SD. Three randomly selected live canes 
with three to five buds were collected in the field from each genotype at least two months 
from each winter from 2011/12 to 2017/18 except 2016/17. All the samples were stored 
overnight at 40 C until the experiment starts. First, top and bottom buds of the cane were 
cut to check the bud meristem. Green meristem color indicates live meristem and both 
top and bottom buds with green meristem confirm liveliness of middle buds. Then one of 
the middle buds from each cane was selected for freezing tolerance evaluation keeping 
the genotype identity.        
3.3.2 Freezing tolerance trait measurement 
Randomly selected three buds from each genotype were carefully separated 
leaving two to three mm of cane tissue attached and were wrapped with aluminum foil 
before place in thermoelectric modules in the DTA unit. The DTA unit is comprised of 
three main parts: a programmable freezer (Tenney International, Environment Test 
Chamber, Model no. BTC), a data acquisition system (DAS, Keithley 2700 Multimeter 
system), and thermoelectric module (TEM) trays (Ferguson et al. 2011). After filling 
each TEM, all the trays were placed in the programmable freezer and connected to DAS. 
The programmable freezer is programmed to run a freezing cycle consisting of 1 hour at 
40 C, temperature decreasing 40 C per hour until the temperature reached –400 C, plateau 
at 400 C for one hour and then gradually returning to room temperature. Voltage and 
temperature changes in TEM were recorded by DAS. When water freezes, it emits heat 
and identified for each genotype separately. There are two temperature exotherms, high 
temperature exotherms, and low temperature exotherms. HTE releases heat close to 0 to -




used for further analyses, represent the maximum cold hardiness of buds for each 
genotype (Mills et al. 2006).  
To evaluate the association between LTE and long-term winter endurance, we 
scored vine survival in 2014 and 2015 in Brookings (8 and 9 years after planting) and 
2008, 2009, and 2015 in Minnesota (5, 6, and 12 years after planting). Original scales of 
either zero and nine or one ten with ten numbers scale were used and the highest score 
was given to genotypes with greater bud break and vigor.   
3.3.3 Temperature data collection  
Temperature data (daily maximum, minimum, monthly maximum, minimum, and 
average) was collected from the Brookings weather data website at 
https://www.wunderground.com/history/weekly/us/sd/brookings/KBKX/date/2014-2-30. 
Additionally, the number of days below to 00 C was counted for each month and dormant 
season.            
3.3.4 Data analyzing 
3.3.4.1 Descriptive and correlation analysis  
All statistical analysis was performed using R software (R Core Team 2019). 
Daily minimum and maximum temperature changes during experimental months were 
visualized using the ggplot package in R for 2017/18. For each trait, descriptive analysis 
was conducted to identify trait distribution using the psych package (Revelle 2018). Trait 
distributions were tested with the Shapiro-Wilk test in stats package in R (R Core Team 
2019). The correlation coefficient between trait LTE and temperature data (monthly 
minimum, maximum, average, number of freezing days per month), and long-term winter 




3.3.4.2 Effect of month, monthly minimum temperature, average, and maximum 
temperature on LTE and heritability of LTE  
LTE data was analyzed using a mixed linear model to understand the effect of the 
month, monthly minimum, average, and maximum temperature and the total number of 
days below the freezing temperature on freezing tolerance. The used model is: 𝑌ijk =
 𝜇 + 𝑀𝑜𝑛𝑡ℎ +  𝑇𝑚𝑖𝑛 + 𝑇𝑎𝑣𝑔 + 𝑇𝑚𝑎𝑥 + (1| 𝐺𝑗/𝐸𝑗) + (1|𝐸𝑗) +  𝑒𝑖𝑗𝑘      where 𝑌ijk  
represents the LTE of year i and genotype j at the replication k, 𝐸𝑖 the effect year i, 𝐺𝑗 the 
effect of genotype j and k represents the effect of replicate k within experiment i. 𝑇𝑚𝑖𝑛,
𝑇𝑎𝑣𝑔, 𝑎𝑛𝑑 𝑇𝑚𝑎𝑥 represent the monthly maximum, average, and minimum temperature.  
𝑒𝑖𝑗𝑘  represents the error term of the model. Residuals were examined for normality 
assumption. Heritability was calculated as 















2 represents the genetic variance, 𝜎𝐸
2 the environmental variance, 𝜎𝐺𝐸
2 is the 
genotype × environment variance and n represents the number of environments. 
3.3.4.3 QTL analysis 
QTL analysis was conducted for all traits separately using scanone function as 
implemented in the R/qtl package (Broman and Sen 2009). Traits that agreed with 
normality assumption were scanned for QTLs using a normal model and Haley-Knot 
regression otherwise used nonparametric QTL analysis. LOD threshold value was 
calculated based on 1000 permutation and the minimum threshold was set at a 10% 




fitqtl function when multiple QTLs are found for a particular trait. For each QTL, LOD 
value, peak position and the marker, confidence interval and markers, and percentage of 
variation explained were recorded.   
3.3.4.4 Pathway analysis 
Pathway analysis was conducted for all major QTLs on chromosomes 4, 13, and 14 
and potential candidate pathways/ genes were identified. We selected the shortest R/qtl 
confidence interval/ physical position of flanking SNP markers from 95% Bayesian 
credible interval, flanking markers of genome wide LOD scores above 5% threshold, or 
confidence interval from biological peak of each trait for network analysis. Candidate 
pathways/ genes were recognized based on functional annotation of the Vitis vinifera 
PN40024 12X V2 annotation, VitisNet pathways and physical position of flanking SNP 
markers. Genetic pathways associated with QTLs were tested for enrichment in VitisNet 
Pathways, using Fisher’s (p-value < 0.001) and permutation tests (p-value < 0.01) 
(Grimplet et al. 2012; Osier 2016). Then, genes were identified using NCBI database 
https://www.ncbi.nlm.nih.gov/gene. 
3.4 Results 
3.4.1 Weather data 
Daily minimum and maximum air temperatures from September to March 
2017/18 season are summarized in Figure 3.1. Sampling date, minimum and maximum 
temperatures at sampling, number of days below 00 C, and number of freezing days were 
recorded for each dormant season in Table 3.1. The vineyard experienced extremely low 




seasons. January and February were the months that had the highest number of freezing 
days across the studied years.  
3.4.2 Phenotypic data analysis  
The months that freezing tolerance values were collected varied from November 
to March each year. Grandparent and parent data were available in some years. 
Descriptive data analysis showed that freezing tolerance of three generations increases 
with decreasing air temperature and December, January, or February had the lowest LTE 
(Figure 3.2). An ANOVA table of the mixed linear model (Table 3.2) showed that month, 
monthly maximum, minimum, and average temperature significantly contribute to 
grapevine bud freezing tolerance. In addition, random factors such as genotype, year, and 
their interaction also showed high variance. The 2017/18 data showed the lose of bud 
freezing tolerance in late winter (Figure 3.2). The Timing and rate of increasing freezing 
tolerance and the ability to hold the freezing tolerance varied among genotypes. The 
female grandparent; V. riparia ‘Manitoba 37’ was the highest freezing tolerance genotype 
particularly in 2011/12, 2012/13, and 2017/18 dormant seasons. At the maximum 
freezing tolerance, the F1 parent also appeared close to the female grandparent in 
2011/12, 2012/13, and 2017/18 showing its cold hardiness. The range of freezing 
tolerance of the coldest month was -33 to -250 and -32 to -260 C for the female 
grandparent and the F1 parent respectively. The rate of reaching maximum freezing 
tolerance was faster in V. riparia ‘Manitoba 37’ than the F1 parent and F2 population.  
Genotypes in the F2 population had high variability for freezing tolerance, as an 
example, F2_040 was a freezing susceptible genotype in 2011/12, 2012/13, and 2013/14 




seasons (Figure 3.3). The maximum cold hardiness of F2_040 changed from -27 
(2011/12) through -32 (2012/13) to -24 (2013/14)0 C before freezing damage in the 
2014/15 dormant season (data not shown here). Similarly, F2_120 struggled to survive in 
the field in early seasons from 2011/12 to 2014/15 and had a relatively high LTE values 
(-21 to -260 C) in 2017/18. Population average LTE ranged from -25 to -300 C in the 
coldest month. F2_032 and F2_110 are two examples of moderate to high freezing 
tolerance genotypes in the F2 population. Most of the higher freezing tolerant genotypes 
are black berry genotypes (V. riparia ‘Manitoba 37’, F1, F2_032, F2_110) contrasted to 
white grapevines (F2_040, F2_120).  
3.4.3 Trait correlation  
A moderate and significant correlation was observed between LTE and monthly 
minimum temperature and the number of freezing days in 2011/12, 2012/13, and 2017/18 
(Table 3.3). The correlation between monthly LTE and long-term winter endurance 
showed high variation (Table 3.4). However, during mid-winter months such as January 
and February, correlation between LTE and long-term winter endurance ranged from 30 
to 40 percent.  
3.4.4  Heritability   
The broad-sense heritability estimates of freezing tolerance of F2 grapevine was 
0.26±0.10 (estimated heritability±se) for three dormant seasons (2011/12, 2012/13, and 
2017/18).    
3.4.5 QTL results 
QTL analysis was conducted separately for each sampling month for all six years 




function and a 10% genome-wide threshold level (Table 3.5). For November in 2011/12 
and 2017/18 dormant seasons, LTE QTLs were identified on chromosomes 13 and 2. 
LTE QTLs were detected in December, January, and February 2017/18 on chromosomes 
4, 8, and 14. The explained phenotypic variance ranged from 12 to 24%. No significant 
QTLs were observed for sub-zero temperatures at all sampling dates in 2012/13, 2013/14, 
and 2014/15 and December 2011/12. Long-term winter endurance QTLs were identified 
on chromosomes 1, 4, 11, and 14 (Table 3.6). Long-term winter endurance QTLs in 2014 
and 2015 in Brookings co-located with mean QTL in Brookings and Minnesota on chr4. 
Freezing tolerance QTL on chr14 co-locate with long-term winter endurance QTL for 
Brookings in 2014.  
3.4.6 Pathway analysis 
Pathway analysis identified multiple freezing tolerance and long-term winter 
endurance related gene families on chromosomes 4, 13, 11, and 14 (Table 3.7). The 
region underlying QTLs on chr4 were enriched with WRKY, auxin signaling and 
transportation pathways. On chr14, we identified MADS and flower development 
pathways as main candidates underlying the freezing and long-term winter endurance 
QTLs. The circadian rhythm pathway significantly enriched for the regions underlying 
the November freezing tolerance QTL on chr13 and the long-term winter endurance on 
chr11. Genes in significantly enriched pathways underlying the major QTLs are listed in 
Table 3.8.   
3.5 Discussion 
In our study, two grandparents of the F2 population differed widely for freezing 




freezing tolerance. They can survive successfully as low as -35 to -400 C and can be used 
as a contributor for crop improvement programs for cold regions (Hemstad and Luby 
2000; Fennell 2004). The F2 population carries genetic materials from V. riparia 
‘Manitoba 37’ and is very freezing tolerant as it has been growing continuously for more 
than 10 years in the vineyard in Brookings, SD. Since we observed high variation among 
the F2 population, it provides an excellent population to improve our understanding of 
the complex freezing tolerance trait.  
Grand/parent cold hardiness 
V. riparia ‘Manitoba 37’ was very freezing tolerant (range is -23 to -33.30 C) 
throughout the dormant months, acclimating early in response to photoperiod in 
agreement with previous studies (Fennell 2004; Londo and Kovaleski 2019). Especially, 
the 2011/12 and 2017/18 data explained the ability to gain freezing tolerance early and 
lose it slowly. This is a trait linked to long-term winter endurance (Fennell 2004). As a 
result of rapid acclimation, V. riparia ‘Manitoba 37’ showed higher adaptability to the 
erratic northern climate (Callen et al. 2016). Maximum freezing tolerance of V. riparia 
‘Manitoba 37’ in December 2017/18 which is -32.50 C was observed a few days after the 
low temperature event (-180 C) in 2017/18. Throughout the freezing months, V. riparia 
‘Manitoba 37’ maintains its maximum freezing tolerance better than the F1 parent and 
mean F2 population. The F1 was more freezing tolerant on average than the F2 
population showing its heritability.   




The freezing tolerance of the F2 population had high variability across six years 
as would be expected with different temperature conditions. High freezing tolerant 
genotypes such as V. riparia ‘Manitoba 37’ and F2_032 showed low chilling requirement 
as well as high response to decreasing photoperiod suggesting a potentially linked 
association (Londo and Johnson 2014). Supporting our observation, previous studies also 
proposed that the maximum freezing tolerance in northern region grapevines is driven by 
photoperiod through dormancy induction (Fennell and Hoover 1991; Londo and 
Kovaleski 2019). Across the studied years, the highest bud freezing tolerance was 
observed mid-winter months. However, the high correlation of November LTE with 
long-term winter endurance suggests early responders to changing environmental cues 
have high winter survival. Freezing susceptible genotypes such as F2_040 and F2_120 
were also observed in F2 population showing more ‘Seyval’ related phenotypes (Wake 
and Fennell, 2001).  
QTL co-location 
QTLs on chromosomes 4, 11, 13, and 14 were the most important in this study. 
The QTL on chr4 appeared as responsible for responding to sub-zero temperatures during 
the winter as it appears in two different years (2014, and 2015), locations (Brookings, and 
Minnesota), and two traits (freezing tolerance and long-term winter endurance). The 
WRKY transcription factor gene family, which has been associated with biotic and 
abiotic stress, was significantly enriched in the region underlying the long-term winter 
endurance QTL on chr4. This transcription factor family has been reported as an enriched 





Winter survival over multiple years expresses the cumulative genotype and 
environment interaction effect; therefore, it includes pathways activated in freezing 
tolerance (Fennell 2014). Although, the QTL on chr4 for freezing tolerance in this study 
was not co-located with long-term winter endurance QTLs, it was located close to upper 
confidence interval. The freezing tolerance QTL (for the early dormant season freezing 
tolerance) on chr13 and long-term winter endurance QTLs on chr11 identified circadian 
rhythm as one of the enriched pathways. These QTLs are previously reported for 
photoperiod response traits in the same population (Garris et al. 2009). Significantly 
enriched genes involved in the  circadian rhythm pathway underlying these QTLs 
included light-responsive genes, like Adagio Protein 1, giving evidence for a strong 
relationship between freezing tolerance and long-term winter endurance with photoperiod  
responsiveness (Ghan et al. 2017). The importance of photoperiod induced acclimation in 
the V. riparia ‘Manitoba 37’ and ‘Seyval’ F2 population is supported by these QTLs and 
underlying genes. Long-term winter endurance and freezing tolerance QTLs were co-
located on chr14 showing close peak position and enrichment in flower development 
related genes and MADS transcription factor genes. MADS family genes are also 
involved in abiotic stress management and reproductive development including flower 
induction (Grimplet et al. 2016; Castelán-Muñoz et al. 2019). Furthermore, Castelán-
Muñoz (2019) suggested a key role of MADS family genes in modulating developmental 
responses to seasonal temperature changes by acting either as negative regulators of 
growth thus improving plant survival or positive regulators of stress tolerance. None of 




genes that have been associated with  dormancy in other species like peach (Wang et al. 
2020).        
Long-term winter endurance is a complex trait associated with multiple traits that 
should have multiple genetic/ QTL regulations. QTLs were absent for most of the studied 
months suggesting the genotype and environment interaction (Poudel et al. 2019). 
Previous researches also identified absence or limited number of QTLs and low 
heritability and a low percentage of phenotypic variation of detected QTL for freezing 
tolerance QTL studies (Owens 2005; Avia et al. 2013).  
Management of the trait 
Studying natural freezing tolerance in the field is a challenge for a QTL study 
with a large population. The freezing tolerance trait is tightly linked to related 
physiological events. Therefore, it is difficult to measure as freezing tolerance and can be 
lost quickly upon  exposure to warm temperatures. Tissue damage is not visible prior to 
sample collection for controlled freezing studies (Mills et al. 2006). Measuring LTE 
values should be done, as soon as possible after sample collection to avoid unnecessary 
changes.  The population size and limited freezer capacity made LTE measurements 
challenging. In the late dormant season, grapevine buds lost freezing tolerance faster than 
in the early dormant season. Therefore, care should be taken when sampling in late 
season months such as February and March. Extreme winter low temperatures in the 
early dormant season may damage primary and secondary bud meristems resulting LTE 
of tertiary buds, which is hardier than primary and secondary buds. A significant 
correlation between LTE and temperature data (monthly maximum, monthly minimum, 




support the high bud damage during extreme winter conditions. Cane dehydration in late 
winter is another challenge of measuring LTE.  In this study, we observed vine recovery 
after the extremely low temperature during the 2012/13 polar vortex. This scenario 
affected the low vigor vines and required a few years to regain the vine vigor.  
The size of the population we used to measure grapevine bud phenology was 
comparatively small (85 to 105) for a QTL study, therefore estimated parameters of 
observed QTLs may be inflated keeping main findings consistent over years.   
3.6 Conclusions    
F2 population showed variation in freezing tolerance. There was an inverse 
relationship between freezing tolerance with temperature during winter and positive 
relationship with winter survival. Our study identified candidate QTLs on chr4 and chr14 
with enriched genetic pathways for grapevine freezing tolerance. Freezing tolerance and 
long-term winter endurance QTL were co-located showing interrelated genetic control. 
Enriched circadian pathway under freezing tolerance QTL suggests the impact of 
photoperiod on initiation of freezing tolerance of grapevine.      
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Mean sd min max 
Nov 2011/12 64 34.27 -2 7 VR37 3 -27.9 3.5 -31.4 -24.4 
Nov 2011/12     F1 3 -28.5 0.9 -29.4 -27.7 
Nov 2011/12     F2 270 -25.8 2.5 -32.3 -19.6 
Nov 2012/13 66 33.5 0 10 VR37 3 -27.6 4.1 -31.3 -23.2 
Nov 2012/13     F1 3 -29.7 0.5 -30.2 -29.3 
Nov 2012/13     F2 192 -27.5 2.8 -32.9 -14.3 
Nov 2015/16 72 37 9 15 VR37 3 -29.9 1.4 -31.2 -28.4 
Nov 2015/16     F1 3 -27.6 2.5 -30.2 -25.2 
Nov 2015/16     F2 274 -27.5 2.4 -32.7 -19.0 
Nov 2017/18 63 32.14 10 12 VR37 3 -23.0 2.3 -25.3 -20.7 
Nov 2017/18     F1 3 -21.6 0.8 -22.3 -20.8 
Nov 2017/18     F2 266 -25.4 2.4 -30.5 -16.5 
Dec 2011/12 54 26.42 -2 19 VR37 3 -33.3 0.0 -33.3 -33.3 
Dec 2011/12     F1 3 -30.8 1.1 -31.9 -29.7 
Dec 2011/12     F2 231 -29.5 2.2 -34.9 -22.8 
Dec 2012/13 57 19.78 -11 24 VR37 3 -30.2 0.2 -30.5 -30.0 
Dec 2012/13     F1 3 -27.4 3.7 -30.7 -23.4 
Dec 2012/13     F2 246 -27.8 3.0 -32.8 -19.9 
Dec 2014/15 53.1 22.4 -11 27 VR37 3 -28.2 2.9 -31.1 -25.3 
Dec 2014/15     F2 141 -27.1 3.1 -32.9 -17.8 




Dec 2015/16     F1 3 -29.8 1.9 -31.6 -27.8 
Dec 2015/16     F2 243 -27.1 3.1 -34.2 -18.5 
Dec 2017/18 52 19.07 -24 22 VR37 3 -32.5 0.6 -33.2 -31.9 
Dec 2017/18     F1 3 -30.9 0.4 -31.2 -30.5 
Dec 2017/18     F2 274 -28.6 2.4 -34.5 -20.4 
Jan 2013/14 40 8.35 -27 5 VR37 2 -25.6 1.7 -27.3 -23.9 
Jan 2013/14     F1 3 -24.4 0.5 -24.9 -23.8 
Jan 2013/14     F2 211 -25.6 3.0 -32.0 -13.3 
Jan 2014/15 45 18.2 -15 30 VR37 3 -28.3 3.9 -32.2 -24.4 
Jan 2014/15     F1 3 -28.2 2.9 -31.0 -25.3 
Jan 2014/15     F2 222 -27.0 3.7 -34.1 -18.1 
Jan 2015/16 39 17 -19 30 VR37 3 -30.4 1.5 -31.9 -28.9 
Jan 2015/16     F1 3 -31.5 2.5 -34.0 -28.9 
Jan 2015/16     F2 228 -27.6 3.1 -33.3 -18.1 
Jan 2017/18 44 15.05 -23 25 VR37 2 -29.1 0.0 -29.1 -29.1 
Jan 2017/18     F1 2 -28.7 0.2 -28.9 -28.5 
Jan 2017/18     F2 299 -27.6 2.4 -33.3 -18.7 
Feb 2012/13 39 18.44 -13 28 VR37 3 -32.0 0.6 -32.6 -31.4 
Feb 2012/13     F1 3 -31.3 1.1 -32.6 -30.4 
Feb 2012/13     F2 226 -30.1 3.8 -35.6 -19.3 
Feb 2013/14 41 7.7 -18 28 VR37 2 -26.2 3.2 -29.3 -23.0 
Feb 2013/14     F1 3 -25.7 2.8 -28.6 -23.0 
Feb 2013/14     F2 247 -25.5 3.4 -31.5 -17.4 
Feb 2014/15 50 10.5 -20 28 VR37 3 -29.6 1.8 -31.4 -27.9 
Feb 2014/15     F1 3 -28.1 3.4 -31.1 -24.4 
Feb 2014/15     F2 231 -26.8 3.8 -33.9 -18.2 




Feb 2017/18     F1 3 -27.1 2.0 -28.9 -24.9 
Feb 2017/18     F2 232 -26.3 2.0 -30.6 -16.7 
Mar 2017/18 47 29.31 1 15 VR37 3 -29.2 1.3 -30.6 -28.0 
Mar 2017/18     F1 3 -26.4 0.8 -27.3 -25.8 
Mar 2017/18         F2 255 -26.8 2.3 -33.5 -18.3 
F, Fahrenheit; sd, standard deviation; min, the observed minimum LTE value at sampling; max, the observed maximum LTE value at 




Table 3-2 ANOVA table for fixed effects of mixed linear model developed for freezing 
tolerance across 6 years 
Term Sum sq 
Mean 
sq 
DF F value p-value 
Month  1509.22 377.30 4 50.322 < 2.2e-16 
Max     371.16 371.16 1 49.502 2.54E-12 
Average    1655.54 1655.54 1 220.8023 < 2.2e-16 
Min     566.94 566.94 1 75.6139 < 2.2e-16 
Days below 30 0.04 0.04 1 0.0048 0.9447 
Term, the fixed effect term in the model; Sum sq; sums of squares; Mean sq, mean sum 
of square; DF, degree of freedom; F value, F test statistic value; p-value, probability 
value; Max, monthly maximum temperature; Average, monthly average temperature; 
Min, monthly minimum temperature; Days below 30, the total number of the days below 
















Table 3-3 Correlation coefficients between LTE and temperature data for 2011/12, 
2012/13 and 2017/18 seasons 
Temperature data Correlation coefficient 
Monthly maximum temperature 0.23* 
Monthly average temperature 0.20* 
Monthly minimum temperature 0.25* 
Number of freezing days -0.27* 

























Table 3-4 Pearson correlation coefficient between long-term winter endurance and LTE 
values across 6 years  
 Trait WE_2014_B WE_2015_B WE_Br_Mean 
Nov1112_LTE -0.36* -0.44* -0.45* 
Nov1213_LTE -0.33* -0.32* -0.36* 
Nov1516_LTE 0.09 0.05 0.08 
Nov1718_LTE -0.28* -0.32* -0.31* 
Dec1112_LTE -0.03 -0.11 -0.08 
Dec1213_LTE -0.04 -0.13 -0.10 
Dec1415_LTE -0.10 -0.01 -0.11 
Dec1516_LTE -0.01 -0.20 -0.11 
Dec1718_LTE -0.15 -0.18 -0.19 
Jan1314_LTE -0.25* -0.10 -0.19 
Jan1415_LTE 0.28* 0.07 0.20 
Jan1516_LTE 0 -0.05 -0.02 
Jan1718_LTE -0.24* -0.34* -0.32* 
Feb1213_LTE -0.05 0.06 0.01 
Feb1314_LTE -0.22* -0.26* -0.24* 
Feb1415_LTE -0.20 -0.04 -0.14 
Feb1718_LTE -0.35* -0.43* -0.44* 
Mar1718_LTE 0.17 0.11 0.15 
WE_2014_B, Brookings long-term winter endurance 2014; WE_2015_B, Brookings 
long-term winter endurance 2015, WE_Br_Mean, mean value of Brookings long-term 















































































































































































































































































Nov201112 0.16 Nor 3.85 3.53 A 2 3.2 0 gbs_2_183880 85 13.05 -1.22 
-
0.15 
6.9 31.18 0-6.35 
gbs_2_183880-
gbs_2_715118 







































Dec201112 0.05 NoQTLs   
             
Nov201213 0.06 NoQTLs   
             
Dec201213 0 NoQTLs 
               
Feb201213 0 NoQTLs                
Jan201314 0.12 NoQTLs   
             
Feb201314 0.15 NoQTLs   
             
Dec201415 0.62 NoQTLs   
             
Feb201415 0.18 NoQTLs   
             




NoQTL, did not observe any QTL; LOD, likelihood ratio comparing the hypothesis of a QTL at a position versus that of no QTL 
(Broman et al. 2003); QTL type, whether the QTL is identified in genome-wide scanning (M, main QTL) or added in to the model 
when modeling (A, additional QTL); % variation, the percentage variation explained by the QTL or model; rh, rhAmpSeq marker; 
gbs, genotype by sequence marker; Method of QTL analysis, whether QTL mapping is done using normal (nor) or non-parametric 
























































































































































































































































































































WEmeanBr 0.07 nor 3.9 3.53 A 14 4.36 54.84 
gbs_14_2420439
2 































QTLs   
 
 




NoQTL, no QTL; LOD, likelihood ratio comparing the hypothesis of a QTL at a position versus that of no QTL (Broman et al. 2003); 
QTL type, whether the QTL is identified in genome-wide scanning (M, main QTL) or added in to the model when modeling (A, 
additional QTL); % variation, the percentage variation explained by the QTL or model; rh, rhAmpSeq marker; gbs, genotype by 
sequence marker; Method of QTL analysis, whether QTL mapping is done using normal (nor) or non-parametric (np) method. NA, no 





Table 3-7 Enriched pathways on detected QTLs  
Trait Chromosome Enriched pathways 
Freezing tolerance Dec2017/18 chr4 vv50122Porters_cat_7_to_17 
  vv10360Phenylalanine_metabolism 
  vv10900Terpenoid_biosynthesis 
  vv10902Monoterpenoid_biosynthesis 
  vv10051Fructose_and_mannose_metabolism 
  vv10600Sphingolipid_metabolism 
  vv10511N-Glycan_degradation 
  vv60080Other_zf 




  vv10260Glycineserineandthreoninemetabolism 
  vv60066WRKY 
  vv30003Auxin_signaling 
  vv50111Tethering_factors 
  vv50122Porters_cat_7_to_17 
  vv60056SET_PCG 
  vv10350Tyrosine_metabolism 
  vv60018C3H 
  vv50004Auxin_transport 
  vv60040LIM 
  vv10100Biosynthesis_of_steroids 








  vv10950Alkaloid_biosynthesis_I 
  vv10350Tyrosine_metabolism 
  vv50125Porters_cat_66_to_94 
  vv50101Channels_and_pores 
  vv50111Tethering_factors 
  vv60066WRKY 
  vv60028FHA 
  vv23013RNA_transport 




  vv50111Tethering_factors 
  vv60066WRKY 
  vv30003Auxin_signaling 
  vv50132Primaryactivetransportercat_A5_to_A8 
  vv60028FHA 
FreezingToleranceDec17/18 chr14 vv10271Methionine_metabolism 
  vv30009Flower_development 
  vv10010Glycolysis 
  vv50123Porters_cat_18_to_29 
  vv10330Arginine_and_proline_metabolism 




  vv10300Lysine_biosynthesis 
  vv60042MADS 
  vv10061Fatty_acid_biosynthesis 
  vv60061TCP 




FreezingTolerance  Nov2011/12 chr13 vv10966Glucosinolate_biosynthesis 
  vv30001ABA_signaling 
  vv44110Cell_cycle 
  vv50121Porters_cat_1_to_6 
  vv34627RproteinsfromPlantpathogen_interaction 
  vv60007AS2 
  vv10860Porphyrinandchlorophyllmetabolism 
FreezngTolerance Nov2017/18 chr13 vv24141Proteinprocessinginendoplasmicreticulum 
  vv60007AS2 
  vv10908Zeatin_biosynthesis 
  vv60082GNAT 
  vv10230Purine_metabolism 
  vv34710Circadian_rhythm 
  vv60038Jumonji 
  vv10790Folate_biosynthesis 
Long-termWinter EnduranceBrmean chr11 vv40006Cell_wall 
  vv50125Porters_cat_66_to_94 
  vv50124Porters_cat_30_to_64 
  vv23030DNA_replication 




  vv50125Porters_cat_66_to_94 
  vv50124Porters_cat_30_to_64 
  vv10100Biosynthesis_of_steroids 
  vv34710Circadian_rhythm 





Table 3-8 Genes that identified in each pathways and their information 
Chr Pathway Genes Locus tag Gene symbol Gene description 
chr4 WRKY VIT_04s0069g00980 VIT_00033195001 LOC100852944 probable WRKY transcription 
factor 43   
VIT_04s0008g06600   LOC100262898 probable WRKY transcription 
factor 32   
VIT_04s0069g00920 VIT_00033188001 LOC100254807 probable WRKY transcription 
factor 17   
VIT_04s0008g05760 
 
LOC100264507 probable WRKY transcription 
factor 40-like   
VIT_04s0069g00970 VIT_00033194001 LOC100244369 probable WRKY transcription 
factor 51   
VIT_04s0008g05750 VIT_00035884001 LOC100266177 WRKY transcription factor 18 




VIT_11s0052g01800 VIT_00029107001 LOC100244502 zinc finger protein 
CONSTANS-LIKE 5 








chr14 MADS VIT_14s0083g01030 VIT_00036549001 VFUL-L FUL-like protein 





Figure 3-1 Minimum and maximum temperature change during 2017/18 dormant season 
The line plot displays daily minimum and maximum temperature changes from 
November to March in 2017/18 season. Vertical dotted lines indicate the sampling dates. 












Figure 3-2 LTE boxplots by month and respective year. 
x-axis is for Month by year and gray panel indicates particular year. Y-axis is for LTE 
values measured by Fahrenheit. GP_F, Female grandparent V. riparia ‘Manitoba 37’; F1, 













Figure 3-3 Mean LTE values for GP_F, F1, and selected F2 genotypes in each month. 
x-axis is for Month by year and gray panel indicates particular year. Y-axis is for mean 
LTE values measured by Fahrenheit. GP_F, female grandparent V. riparia ‘Manitoba 





4 Chapter 4 QTL mapping for chilling based bud break in F2 grapevine 
population 
4.1 Abstract 
Grapevine is a deciduous woody perennial fruit crop that is well adapted to cold 
climate. Grapevine became dormant in response to environmental cues. Chilling is a 
requirement for dormancy release of grapevine, the required amount of chilling varies 
depending on cultivar. The genetic control of the chilling requirement is not well 
understood. In this research, the objective was to determine the genetic control of the 
chilling requirement using a bud break forcing assay. A grapevine F2 population of 110 
genotypes whose grandparents (V. riparia ‘Maitoba 37’ and ‘Seyval’) had contrasting 
chilling requirements was used to study genetic control. Buds that had undergone 
different amounts of natural chilling in the field were placed in optimal forcing 
conditions and scored bud break for four weeks in the laboratory condition after 
sampling. This experiment was conducted over 6 years across the dormant season and 
field bud break in whole vines under natural conditions. Fifty-two QTLs were identified 
across 14 chromosomes. Co-localization of QTLs were observed on chr3, chr8, and 
chr18. Major QTLs were identified on chr3, chr8, and chr18 for chilling fulfillment bud 
break. Year specific QTLs were identified for different chilling levels. Auxin related 
genes and several flowering genes were enriched at different stages of the chilling 
fulfillment requirement. Pathway analysis of genes underlying the major QTLs identified 
enrichment in hormone and reproductive development genes that are involved in 





4.2.1 Grapevine dormancy  
Grapevine is one of the well-known genera in family Vitaceae grown mostly in 
temperate regions (Soejima and Wen 2006) and the area of cultivation diversified and 
expanded post domestication. Early domesticated grapevine species like V. vinifera are 
adapted to hot dry summer followed by mild winter. However, northern native wild 
grapevine species such as V. riparia grows well in hard winter temperatures (Mathiason 
et al. 2009; Kovaleski and Londo 2019).  
Grapevine species are deciduous woody climbers that have a dormant period in the 
annual growth cycle. Grapevine dormancy is a physiological response to changing 
environmental cues in fall and is characterized by leaf senescence, periderm 
development, bud dormancy, and growth cessation (Fennell et al. 2005; Fennell et al. 
2015). In grapevine, the dormancy period exists a few months and dormancy release 
happens with the onset of spring in response to increasing temperature and photoperiod. 
Bud break in grapevine is a critical phenological event that has a high impact on the 
timing of fruit set and grape maturation (Cortazar-Atauri et al. 2017). The main reason 
for advance or delay bud break is the impact of chilling on plant dormancy (Legave et al. 
2013; Londo and Johnson 2014; Fennell et al. 2015). Chilling is one of the most limiting 
factors especially for warm region viticulture which will be affected by global warming 
in near future, while cold parts of the northern USA will suffer superfluous chilling 
which leads to rapid bud break and cold damage during erratic spring (Londo and 




break and its genetic control may help for commercial cold viticulture breeding 
programs.    
4.2.2 Requirements of the bud break 
4.2.2.1 Chilling requirement of greapeving during dormancy 
Grapevine dormancy serves as a survival mechanism and is composed of 
endodormancy period followed by ecodormancy period. Releasing bud endodormancy 
requires a certain number of chilling units during the dormancy period (Londo and 
Johnson 2014; Londo and Kovaleski 2019). Chilling accumulation in endodormant vines 
starts when the temperature takes place between 0 to 70 C (Dokoozline 1999; Andreini et 
al. 2009; Londo and Johnson 2014). The chilling requirement of the grapevine is 
calculated by hours that expose to temperatures between 0 to 7 0C and duration that 
exposes to a temperature above 70 C or below 00 C does not contribute to chilling 
accumulation. Depending on the seasonal temperature, chilling accumulation happens 
either in the early or late dormant season. The number of chilling hours required varies 
among grapevine cultivar, genotypes, or species and ranged from 50 - 2000 hours (Londo 
and Johnson 2014). Once the chilling hour requirement is satisfied, buds are 
physiologically ready to break under favorable growing conditions; however, low 
temperatures in winter and early spring prevents bud break. Insufficient chilling can lead 
to erratic, desynchronized bud break and can cause fruit size and maturity time 
determination (Anzanello et al. 2018; Atkinson et al. 2013).        
In the ecodormant phase, bud tissues including meristem are in full capacity to 
resume growth, but the rate of bud break depends on the amount of chilling received 




ecodormancy is also strongly tied to environmental factors such as temperature and light. 
The warm temperature is essential to promote bud break and the minimum temperature 
varies with genotype and species of grapevine.      
4.2.3 Bud break measurement   
The chilling requirement to end grapevine dormancy can be indirectly evaluated 
through monitoring bud break at different chilling levels. Bud break is dynamic and 
needs to monitor at least for several weeks in forcing assay (Londo and Johnson 2014; 
Londo and Kovaleski 2019). During forcing assay, several studies exposed buds to a 
warm temperature (20 - 250 C) as well as several hours of light (8 to 12 hours) (Chervin 
and Fennell 2019). A widely used system for monitoring grapevine bud break phenology 
is the modified Eichhorn Lorenz (E-L) system (Eichhorn Lorenz et al. 1977; Coombe 
1995). Specific definitions and scores for each phenological stage are available with clear 
pictures; therefore, the comparison is possible across years, locations, and studies. 
Finally, a metric that includes bud break dynamics is essential for QTL analysis.  
4.2.4 Genetic control of bud break 
Exploring chilling fulfillment by monitoring bud break and conducting QTL 
analysis is a way to identify genetic control and target genes/ markers (Costantini et al. 
2008; Grzeskowiak et al. 2013). There is evidence for the genetically controlled chilling 
requirement in apple, pear, and apricot (Allard et al. 2016; Gabay et al. 2018; Olukolu et 
al. 2009). Studying in peach mutants indicate the molecular control of dormancy that is 
regulated by Dormancy-Associated MADS-box (DAM) genes (Bielenberg et al. 2008; Li 




QTLs, markers, and candidate genes for grapevine bud break after complete 
chilling have been identified (Duchene et al. 2012; Grzeskowiak et al. 2013). Duchene 
(2012) identified two QTLs for the length of the15 February to bud break period on chr4 
and chr19 with genes coding for glutathioneS-transferase and WRKY transcription 
factor. Bud break evaluation using 50 % of the shoots with the leaf tips visible 
identified a QTL on chr15 and underline genes were responsible for the 
developpmental process including hormone signaling and cell elongation 
(Grzeskowiak et al. 2013). In addition, another study on genetic co-ordination between 
cold acclimation and wild and domesticated grapevine bud break identified several 
pathways including plant hormone production (ABA biosynthesis, ethylene, jasmonate, 
gibberellin, and cytokinin synthesis), sugar metabolism (starch and glycogen synthesis), 
and growth regulated process (circadian rhythm pathway, photosynthesis) (Kovaleski and 
Londo 2019). However, genetic control of grapevine bud break by chilling requirement is 
still not well documented and explained. 
4.2.5 Objectives 
In this study, our objectives were (1) to elucidate the association between chilling 
requirement and bud break phenotype, (2) map QTLs to understand the genetic basis of 
chilling fulfillment in a F2 population segregating for chilling requirement.  
4.3 Materials and methods 
4.3.1 Plant materials 
The chilling requirement study was conducted using three generations including 
female grandparent Vitis riparia ‘Manitoba 37’, F1 parent (16_9_2), and F2 mapping 




between V. riparia (female, ‘Manitoba 37’, PI 588289) and ‘Seyval’ (male, seyve Villard 
5-276) in this study (Fennell et al. 2005). F2 population, the parent and female 
grandparent V. riparia ‘Manitoba 37’were clonally propagated and planted in the 
vineyard at Hansen Research Center, Brookings, SD. Three randomly selected live canes 
with three to five buds were collected in the field from each genotype at least two months 
from each winter from 2011/12 to 2017/18 except 2016/17. All the samples were stored 
overnight at 4 0C until the forcing assay starts. First, top and bottom buds of the cane 
were cut to check the bud meristem. Green meristem color indicates live meristem and 
both top and bottom buds with green meristem confirm liveliness of middle buds. Then 
one of the middle buds from each cane was selected for chilling requirement evaluation 
forcing assay keeping the genotype identity. Months and chilling hours at sampling were 
recorded in Table 4.1. In 2017/18, samples were collected in each month of the dormant 
season from November 2017 to March 2018 to investigate the F2 bud break process and 
confirm the five years observations.    
4.3.2 Bud break trait measurements 
Three randomly selected six cm long single node cuttings were placed in a labeled 
forcing assay with the one-inch water level. The assay was maintained in the Grapevine 
Physiology lab, South Dakota State University, Brookings under 20-25 0C and eight 
hours light. After seven days, the bud growth stage of each replicate and genotypes was 
recorded separately for four weeks following the modified E-L scale. After fourth-week 
data collection, non-swelled buds were cut longitudinally to check the liveliness of the 
bud and meristem tissues and data were recorded. Separate bud break assays were carried 




As a follow-up experiment, we evaluated field bud break of each genotype in the 
same field after complete chilling in May 2018 counting days to reach 50% bud break.   
4.3.3 Modified E-L bud scoring method  
Bud break is evaluated using the modified E-L system for grapevine growth 
stages to score the phenological stage (Eichhorn and Lorenz 1977; Coombe 1995; 
Andreini et al. 2009). In the modified E-L system for grapevine growth, E-L number or 
E-L score 2-3 (2 for bud swell, 3 for woolly bud) and bud burst is identified by green tip/ 
first leaf tissue visible (stage 4). E-L scores 5 to 11 are stages that belong to shoot 
elongation. All the stages in shoot development such as E-L score 7 for the first leaf 
separated, 9 for 2-3 leaves separated, and 11 for 4 leaves separated are critical stages for 
measuring bud elongation process. The main phenological phase of shoot elongation is 
shoots 10 cm long that has five separated leaves and clear inflorescence (E-L 12). The 
time needed to reach a particular developmental stage depends on the environmental 
conditions and variety (Coombe 1995).   
4.3.4 Chilling hours calculation 
Chilling hours (CH) were calculated from 01, September or October to 31, March 
in each dormant season using Brookings hourly weather records 
(https://www.timeanddate.com/weather/usa/brookings/historic?month=3&year=2018) 
and Mesonet at SDSTATE. The number of hours between 0 –7 0C was calculated for 
each day of the dormant season to estimate CH (Dokoozlian 1999). The CH calculation 
was performed for all six studied dormant seasons and cumulative chilling hours per 




4.3.5 Data analysis 
4.3.5.1 Data pre-processing 
The four weeks of repeat measure bud break scores were used either as original or 
processed data in our analysis. The original four weeks data (E-L bud break scores at the 
fourth week of forcing assay) were used for longitudinal data analysis and fourth week 
bud break and AUC data were used for correlation and QTL analysis. Data were 
processed in order to make a single value that represents the variation of E-L bud break 
score values over the four-week period. In data processing, the principle of the area under 
the curve in epidemiological data analysis was used and modified according to our data 
(Dion et al. 2016). The area under the bud break score curve (AUCBB) during the four 
weeks was calculated using the trapezoid method by drawing a closed polygon 
connecting bud break score of adjacent weeks separately for each replicate (Dion et al. 
2016). Finally, the mean E-L bud break score values of all replicates were calculated for 
each genotype separately for each month in AUCBB.      
4.3.5.2 Descriptive, correlation, and heritability analysis 
The distribution and descriptive character of the weekly bud break score and 
AUCBB were assessed using the psych library (Revelle 2018) in R (R Core Team 2019). 
The Pearson correlation coefficient was calculated to measure the correlation between 
similar chilling hours in studied years and fourth-week bud break score and AUCBB for 
each CH using the ‘Hmisc’ library (Harrell 2019). Broad-sense heritability was estimated 
in three replicates of each genotype for F2 population chilling requirement using the 
‘sommer’ package (Covarrubias-Pazaran 2016) in R with three replicates. The variance 




chilling hours, week, and year with genotype year interaction and the same model was 
used to check the effects of main environmental factors.  
4.3.5.3 Chilling requirement for bud break evaluation 
Original four weeks data was analyzed to understand the effect of CH on bud 
break using longitudinal data analysis method in lme4 (Bates et al. 2015) library in R. 
The appropriate model was selected by checking akaike information criterion, bayesine 
information criterion and model residuals. The best-fit model was used for evaluating 
main effects and interactions. The significance level was tested at p-value = 0.05 level for 
all statistical tests in this manuscript. In addition, bud break percentage (number of 
samples having E-L score ≤ 4 or more / total number of samples), and AUCBB were used 
to evaluate the chilling requirement for bud break.  
4.3.5.4 QTL analysis 
For QTL analysis, either E-L bud break score at fourth week in forcing assay or 
processed (AUCBB ) data were used with R/qtl library (Broman et al. 2003) and GBS – 
rhAmpSeq integrated genetic map (Karn et al, in preparation). Prior to QTL analysis, 
each phenotype was assessed for its normality by the Shapiro-Wilk test at 0.05 p-value. 
Phenotypes that passed the normality test were analyzed using functions developed for 
normal QTL models. If normality assumptions were violated, data transformation was 
practiced. Non-parametric QTL analysis methods were performed following the R/qtl 
library if data transformation was not success for a given phenotype.   
QTL mapping was first performed by a single-QTL genome scan with interval 
mapping using scanone function. Significant QTLs were identified by 1000 permutated 




Additional QTLs were then scanned to expand the multiple QTL model (MQM). If the 
model contains more than two QTLs, significant pairwise interactions were identified and 
added to the model. QTL position was then refined and finalized the model with the 
largest model likelihood of odds (LOD). Then backward elimination was performed to 
confirm the QTLs in the model and used as the final model. Baysine interval method was 
used to estimate 95% QTL confidence interval (CI). Mean trait values were plotted for 
the peak position marker of each QTL. LOD value, peak position, the marker at the peak 
position, upper and lower limits of the CI, markers at upper and lower CI, % phenotypic 
variance, additive and dominance effect were recorded for each trait using the developed 
model. Additionally, 5 and 10% genome-wide thresholds were recorded. The developed 
MQM was confirmed performing stepwise QTL identification method in the R/qtl 
library. Stepwise QTL scanning was performed using 1000 permutation, scantwo LOD 
penalty, refine location, forward addition and backward elimination method, and a 
maximum of 5 QTLs options.   
4.3.5.5 Pathway analysis 
Pathway analysis was done for all major QTLs and potential candidate pathways/ 
genes were identified. For pathway/network analysis underlying the QTL, we selected the 
shortest Rqtl confidence interval/ physical position of flanking SNP markers from 95% 
Bayesian credible interval, flanking markers of genome-wide LOD scores above 5% 
threshold, or confidence interval from biological peak for each trait. Candidate pathways 
and were recognized based on functional annotation of the Vitis vinifera PN40024 12X 
V2 annotation, VitisNet pathways and physical position of flanking SNP markers. 




Fisher’s (p-value < 0.005) and permutation tests (p-value < 0.05) (Grimplet et al. 2012; 
Osier 2016). Then, gene symbol, description, and locus tag were identified using NCBI 
database https://www.ncbi.nlm.nih.gov/gene. 
4.4 Results 
  Approximately 300 to 470 CH were accumulated by November 15th in all studied 
years (Table 4.1, Figure 4.1). Chilling accumulation increased throughout the winter 
months; however, chilling accumulation was low during mid-winter months like January 
and February, compared to early and late winter months. The accumulated chilling by the 
end of March varied ranging from 811 to 1135 hours for the studied six years. The years 
that had high CH in the early winter showed less cumulative CH than other seasons. 
2012/13 and 2013/14 reported the lowest accumulated chilling while 2011/12, 2015/16, 
and 2017/18 had high accumulated chilling.  
4.4.1 Bud break data exploration  
E-L bud score at fourth-week forcing assay increased with increasing chilling in 
every experimental year in the F2 population (Table 4.1). At 300 CH in 2017/18, F2’s E-
L bud break score was as low as 1.74. With increased chilling (998), the E-L bud break 
score reached 5.82 in 2017/18. Chilling increased the AUCBB value of all chilling groups 
and generations. In 300 CH, the AUC of F2 was 3.52 and progressed up to 10.39 with 
high chilling (998) (Table 4.2). As chilling hours increased over time, overall bud break 
percent at the fourth week of forcing assay increased in the F2 population from 9.7 to 




4.4.2 Correlation analysis results 
A high positive correlation was observed between AUCBB and E-L bud break 
score at the fourth week in forcing assay at each chilling level in all years (Table 4.3). As 
an example, the correlation coefficient between November AUCBB and the fourth week 
of bud break in 2017/18 was 91 to 97% (Table 4.3). However, the correlation between 
similar CH across years showed inconsistent results. Heritability and modeling 
The estimated broad-sense heritability for bud break was 0.13±0.06 (estimated 
value±se). Four weeks repeated E-L bud break score data were analyzed using the 
longitudinal data analysis method. The best model was random intercept and slope model 
with week, CH, years, and generations as fixed factors and genotype as a random factor. 
The model showed a significant week, CH, years, week×CH, and CH×year interaction 
effect (Table 4.4). Compared to the dormant stage in the first week in forcing assay, week 
four showed significantly higher bud break throughout this experiment. As expected, the 
interaction between CH and year was also significant.     
4.4.2.1 Forcing week and chilling interaction effect 
Our data showed that chilling fulfillment improves the earliness of the bud break. 
Bud break takes considerable time (four weeks or more) even under favorable 
temperature (25 0C in this study) when buds have insufficient chilling. In Figure 4.2, low 
chilling groups (>300 or 301 to 500 CH) do not show bud break during the third week of 
forcing assay, but bud break occurred during the second week of the forcing assay when 
the chilling hours greater than 500. Increased chilling fulfillment reduces the time needed 




analysis of chilling requirement dynamics for bud break with a random slope and 
intercept model also showed a significant interaction between week and CH (Table 4.4). 
4.4.2.2 Year and chilling interaction 
In general, the F2 population along with the parent and female grandparent 
showed an increased mean E-L bud break score with increased chilling hour 
accumulation in the field (Table 4.1, Figure 4.2). However, a large phenotypic variation 
for received CH was observed among six years. Greater E-L bud break scores can be 
observed in years that had high accumulated chilling in early winter (2012/13 had the 
greatest chilling accumulation in early winter) compared to low chilling accumulated 
years (lowest was 2017/18) in early winter.  
4.4.2.3 Generation effect   
The generation effect was not significant in this study. The female grandparent; V. 
riparia ‘Manitoba 37’ showed bud break at <300 CH, had greater bud break with 301 to 
500 CH (Figure 4.2) and an increasing rate of bud break at greater chilling levels. F1 
showed bud break at 501 to 700 CH but showed more rapid bud break with increasing 
chilling. The F2 population showed a bud break pattern similar to the F1 parent and 
started bud break at 501 to 700 CH. In our experiment, V. riparia ‘Manitoba 37’ showed 
buds with <300 CH in the fourth week in forcing assay, however, bud break responses to 
CH were different among years. The mean E-L bud break score of V. riparia ‘Manitoba 
37’ after chilling fulfillment was greater than nine at the fourth week and showed uniform 
bud break across all replicates. The F1 parent and F2 population required greater CH than 
V. riparia ‘Manitoba 37’ to break buds and showed a similar pattern of bud break rate 




requirement for bud break of both the F1 parent and F2 population was different among 
years.  
4.4.2.4 Genotype effect 
As accumulated chilling increased from 300 to 1135 CH, AUCBB increased in all 
genotypes across the years. Both F1 parent and V. riparia ‘Manitoba 37’increased their 
AUCBB with increased CH and came to plateau showing a sign of chilling fulfillment 
(Figure 4.3 (2,3 panel)). In agreement with longitudinal analysis, the F1 and V. riparia 
‘Manitoba 37’ had a similar chilling requirement for bud break in all studied years. 
However, genotypes in the F2 population showed a higher variation of the chilling 
requirement for bud break. As an example, F2_032 broke buds under low CH and had 
greater E-L bud break score showing its greater bud break potential. Some genotypes 
such as F2_044 appeared among the low bud break group that requires greater chilling 
requirement for bud break in 2011/12, 2012/13, and 2017/18 compared to the other three 
years of the experiment showing sensitivity to changes among years. Genotypes such as 
F2_101 do not break at insufficient CH but break rapidly after chilling fulfillment. These 
results indicate that the number of accumulated CH is a critical factor in F2 bud break as 
all buds were exposed to similar forcing assay conditions every year.     
4.4.3 Mapping chilling fulfillment loci 
4.4.3.1 Fourth week E-L bud break score trait and AUC trait distribution 
E-L bud break score at the fourth week in forcing assay after 777 CH in 2012/13, 
and 666 CH 2017/18 were normally distributed. E-L bud break scores all other CH were 
transformed to remove skewness of the distribution prior to QTL analysis. Non-




transformation (613 CH in 2013/14, 300 CH in 2017/18, and 2017/18 field bud break). 
Since we observed only two E-L bud break scores (1 as no bud break and 4 as bud 
break), 382 CH in 2011/12 E-L bud break score, at the fourth week in the forcing assay, 
was analyzed using the binary method of QTL analysis in R/qtl. 
The data distributions of AUCBB in the F2 population in 777 CH in 2012/13, 533 
CH in 2014/15, 331 CH, 593 CH, and 607 CH in 2015/16, and 666 CH, and 998 CH in 
2017/18 were normally distributed (Shapiro-Wilk test) (Table 4.2). Non-parametric 
methods in QTL analysis were used to analyze 613 CH in 2013/14 and 300 CH in 
2017/18 AUCBB phenotypes. AUCBB data distributions for the rest of the phenotypes 
were transformed prior to QTL analysis. 
4.4.3.2 QTL results 
QTL analysis was performed separately for each chilling level for both AUCBB 
and E-L bud break score at the fourth week in forcing assay. QTL information for all 
chilling levels treatments including LOD score, peak position marker, positions and 
flanking markers at 95% interval, percentage variation, and additive dominance effects 
are provided in Table 4.5. Resulting AUCBB and E-L bud break score at the fourth week 
in forcing assay QTLs for each chilling level were mostly similar even though few 
differences were observed. Main QTLs in each model were confirmed by the stepwiseqtl 
function. Among all the developed models, we found one model with significant 
interaction and others remained as additive models. 
We identified 29 AUC QTLs for bud break under different chilling levels on 13 
different chromosomes. QTLs were not observed on 533, 607 CH (January 2014/15 and 




QTLs were identified in 2011/12, 2012/13, 2013/14, 2014/15, 2015/16, and 2017/18 
respectively (Table 4.5). A total of 23 chilling fulfillment for bud break (at fourth week in 
forcing assay) QTLs on 11 different chromosomes was identified for different chilling 
levels in all six years. No QTLs were detected in January or February in some years. 
Three, five, one, three, two, and nine QTLs were identified in 2011/12, 2012/13, 2013/14, 
2014/15, 2015/16, and 2017/18 respectively. A QTL responsible for bud break under 
complete chilling in the field was identified on chr8 at 4.04 cM position (Table 4.5). 
4.4.3.3 QTL modeling and patterning explain variation and indicate loci hotspots    
Main QTL hotspots were identified on chr3, chr8, and chr18 in this study. Peak 
markers of these hotspots were located 9.02-19.86, 43.53-54.94, and 0-35.01 cM; 
however, confidence intervals were specific to each QTL. Thirteen models (7 for AUCBB 
and 6 for E-L bud break scores at the fourth week after forcing assay) were developed 
and percent variation explained by each model was determined (Table 4.5). These models 
include 2 – 5 QTLs and percent variation ranged from 36.19 – 67.75%. The model for the 
2011/12 December week 4 E-L bud break score showed a significant interaction between 
chr8 and chr19.    
We identified a pattern of QTL/ hotspots (the genomic regions that relatively 
enriched in QTLs) activation parallel to bud break by chilling received in the F2 
population. A QTL hotspot on chr3 was apparent at insufficient (around 331 to 692 CH) 
chilling. Then, hotspots on chr18 appear at about 470CH to 777 CH or mid-winter. The 
QTL hotspot on chr8 started appearing after receiving adequate chilling (563CH) and was 
active throughout the experimental period. In addition to main QTL hotspots, some QTLs 




600, and chr15 and chr12 in 600 –700 CH. The number of QTLs that are related to 
activation at specific chilling hours are shown in Figure 4.4. 
 Pathway analysis identified chilling specific pathways and genes in this study 
(Table 4.6 and 4.7). In chr3 hotspot, auxin and cell cycle related pathways were 
significantly enriched. With increasing chilling, chr18 hotspot identified reproductive 
developmental pathways (MADS) along with cold/ abiotic stress response pathways, 
including MYB and C2H2 transcription factor families underlying the region. Flower, 
leaf, and fruit formation pathways (transcription factor family genes such as G2 like, 
OFP, and GRF) were observed under sufficient chilling in chr8. Chr11 and chr15 QTLs 
also identified pathways that are related to cold stress and flowering while chr12 and 
chr19 QTLs enriched with several housing keeping related pathways.          
4.5 Discussion  
Adaption to cold climate is a requirement for the survival of Northern wine grapes. 
This ability is a complex interaction of physiological, genetic, and environmental cues; 
therefore, understanding the control mechanisms is a challenge. We studied chilling 
requirement fulfillment using bud break assays in grapevine buds that had natural chilling 
in the field and QTLs were identified.  
The winter season chilling temperature is a critical factor for temperate fruit crops 
as chilling is promotes dormancy release needed for bud break (Nanninga, et al. 2017). In 
a dormant season, there is a pattern of chilling accumulation. In the early and late part of 
the dormant season, the temperature lies between 0 and 70 C for more hours in a day 
accumulating more chilling hours than mid-winter. This temperature range significantly 




we have observed a change in the climatic pattern, with fluctuations and both warmer or 
colder years expected. Vitasse (2014) explained greater temperature variations among 
different years affect annual fluctuation in the timing of leaf-out, flowering, and fruit 
ripening. In this study, both patterns occurred. Two warm winter seasons (2011/12, and 
2015/16) that collected >1000 CH were observed and accumulated greater chilling hours 
in the late part of the dormant season. Contrasting, dormant seasons as 2012/13 or 
2013/14 was a cold year (<876 CH) showing greater CH accumulation in the early part of 
the dormant season. In early CH accumulating years, early bud break is possible with the 
potential for frost damage with temperature fluctuations in erratic springs. In contrast, 
late chilling accumulation or inadequate chilling may inhibit uniform bud break 
(Atkinson et al. 2013).   
4.5.1 Significance of several bud break measurements 
In our experiment, we profiled natural chilling fulfillment using three 
measurements of bud break E-L bud break score, area under the curve for four weeks of 
forcing assay, and bud break percentage (Mathiason et al. 2009; Corrales-Maldonado et 
al. 2010; Duan et al. 2012; Londo and Johnson 2014; Bowen et al. 2016; Li et al. 2016; 
Chervin and Fennell 2019). These phenotypes successfully explained three different 
aspects of bud break by chilling requirements. Since we measured bud break through 
time, genotypes weekly bud break dynamics (bud break changes over weeks), and 
late/earliness of the bud break with increased chilling were easily identified using the E-L 
bud break score. Additionally, the E-L bud break score in the fourth week was used as an 
alternative phenotype for bud break since it had the highest variation among four weeks 




time point (in our study, bud break percentage was calculated at the fourth week of 
forcing assay) and useful for plateau identification which is an indicator for chilling 
fulfillment. Then, the area under the curve (AUC) provided a single measurement that 
represents the bud break dynamics for special genetic studies such as QTL analysis. 
Within AUC, initiation of bud break, rate of bud break, genotype specific variations as 
well as biological variations (from replicates) are included. Dion (2015) explained the 
importance of AUC for the detection of gradual process as the rate of leaf growth is fast. 
Additionally, AUC has given positive and linear correlation with leaf life span in the 
above study (Dion et al. 2016). Integration of these three methods in our study, we 
maximize the data usage and extract all valuable information.   
4.5.2 Cumulated chilling hours increase bud break and earliness of bud break            
Results of our analysis clearly showed that bud break increased with cumulated 
chilling in F2 grapevines. Supporting our results, many researchers explained that 
chilling drives uniform bud break in fruit and tree species (Dokoozlian 1999; Mahamood 
et al. 2000; Austin et al. 2002; Londo and Johnson 2014; Nanninga et al. 2017). All 
experiments received similar forcing conditions for all CH sampling times (Nanninga et 
al. 2017). Single node cuttings avoided apical dominance effect found insitu (Vitasse and 
Basler 2014; Nanninga et al. 2017). Therefore, we are certain that variation in bud break 
is mainly due to variation in chilling hour accumulation and genotype chilling fulfillment. 
Our data showed that the amount of chilling received before forcing is a major limiting 
factor for the earliness/rate of bud break. Buds receiving <300 CH required a longer time 
to break compared to receiving greater chilling. Greater chilling (above 1000 CH) 




required three or four weeks under low chilling. Similarly, Dokoozlian (1999) reported 
that V. vinifera based cultivar ‘Perlette’ showed faster bud break after receiving 400- 800 
CH. A similar observation was reported for several North American temperate tree 
species (Nanninga et al. 2017). However, genotypes in the F2 population had differing 
chilling requirements.  
4.5.3 Vitis riparia ‘Manitoba 37’ responses to cumulated chilling 
Previous data classified V. riparia as low/moderate chilling requirement (250 
to750 CH) and rapid bud break with high variation within species (Londo and Johnson 
2014). In agreement with these findings, in our study, V. riparia ‘Manitoba 37’ started 
bud break after receiving 470 - 571 CH in four weeks forcing period and under excess 
chilling (1000 CH), increased the rate of bud break. Londo and Johnson (2014) reported a 
similar observation and they have observed V. riparia (some genotypes) break even faster 
within 7-14 days under greater chilling. V. riparia ‘Manitoba 37’ gene expression chilling 
fulfillment study has shown the level of transcripts for dehydrin, glutathioneS-transferas, 
pathogenesis-related protein, and xyloglucan endotransglycosylase decreased as the buds 
accumulated chilling hours while metallothionein, peroxi-dase, and cyclase increased 
(Mathiason, et al. 2009).    
4.5.4 F1 responses to cumulated chilling 
In our experiment, F1 parent broke buds under 470-666 CH showing 
comparatively higher chilling requirement in contrast to V. riparia ‘Manitoba 37’; the 
female parent of F1. However, the bud break behavior of the F1 under excess chilling was 




According to the seasonal temperature pattern of northern USA, plants have 
limited ability to fulfill its chilling requirement during mid-winter months such as 
January and February, therefore low accumulated CH are expected in northern states of 
the USA. As V. riparia ‘Manitoba 37’ native to northern Midwest, it is well known for its 
cold hardy nature, and low to mid chilling requirement is an advantage for vine 
sustainability in these regions (Londoand and Johnson 2014). According to our data, both 
V. riparia ‘Manitoba 37’ and the F1 parent showed better suitability to the northern USA 
in terms of chilling accumulation under global warming.         
4.5.5 F2 responses to cumulated chilling 
In the F2 population, we observed genotypes that had high, low, and medium 
chilling requirement similar to the grandparent and parent phenotype variability. In 
addition, some genotypes had high and low chilling requirements for rapid bud break 
showing transgressive segregation in the F2 population. V. vinifera which is in ‘Seyval’ 
(male grandparents pedigree) is well known for cold susceptibility and its low chilling 
requirement. The chilling requirement of ‘Seyval’ is reported as 50-750 CH (Dokoozlian 
1999; Londo and Johnson 2014; Anzanello et al. 2018). Since none of the 
grandparent/parents require greater chilling for bud break (V. riparia ‘Manitoba 37’ is a 
low to medium chill in our study), we assume a high chill phenotype in the F2 population 
is an example of hybrid vigor. Therefore, as we observed, extremely requirement 
genotypes are found in the F2 population. These genotypes can be used for breeding 
programs that involve in varietal development in extreme (either high or low) chilling 
areas. As an example, F2_032 has the potential to show bud break under low chilling 




break after reaching their required chilling showing a quick transition from endo to eco-
dormancy. This type of genotypes can have an advantage of the long growing season in 
the northern USA.  
4.5.6   QTL detection 
Bud break is a genetically controlled trait (Li and Adams 1993; Marinoni et al. 
2018). Therefore, several bud break by chilling fulfillment QTL mapping studies have 
been conducted to understand the genetic architecture of bud break for many species 
including vitaceae, and rosaceae families.  
One of the major locus detected for F2 population bud break was located on chr8 
explaining 10 - 27% of the phenotypic variance of bud break. This represents the first 
QTL detection in grapevine on chr8. A major QTL and genes for vegetative bud break 
have been reported in apple and pear (Allard et al. 2016; Gabay et al. 2018). Different 
groups of Dormancy Associated MADs box genes and early bud break 1 gene were 
identified in apple and pyrus on chr8 (Allard et al. 2016; Saito et al. 2013). Populus 
phylogenetic and transcriptional profiling study also identified MAD-box genes on chr8 
(Yordanov et al. 2014). Additionally, Gabay et al. (2018) suggest that the QTL on chr8 in 
European pear (Pyrus communis) plays the main role in regulating the genetic mechanism 
governing bud break. However, this study did not identify Dormancy Associated MAD-
box genes found in peach, though we observed MAD-box genes on chr15 supporting 
previously grapevine bud phenology QTL (Grzeskowiak et al. 2013).  
We detected QTLs on chromosomes 1, 7, 11, 12, 15, 16, 18, and 19 for grapevine 
chilling fulfillment never reported before. A grapevine bud break study in chilling 




chr4 and chr19 (Duchene et al. 2012). However, the position of the reported QTL on 
chr19 was far away from the QTL we detected on the same chromosome in this study. 
Transcriptional analysis of bud development has shown that the most active genes 
are cell growth and proliferation, dormancy regulation, and stress response related genes 
(Diaz-Riquelme et al. 2012). The Diaz-Rquelme study profiles the transition of endo to 
eco dormancy in low chill months such as September and November and eco dormancy 
to bud break in high chill months like March and April. Similar to this transcriptomic 
study, we identified cell cycle and stress response genes significantly enriched genes in 
the chilling fulfillment QTLs. Cell cycle genes in partially fulfilled chilling and stress 
response genes in complete to high chilling under subzero temperature, and flower, leaf, 
and fruit related genes in complete chilling support the role of chilling requirement on 
bud break process.      
Modeling significant QTLs for each trait resulted in additional QTLs for most of 
the traits suggesting a multigenic control of bud break under different CH. Several studies 
on apple and peach have described polygenic control of bud break (Allard et al. 2016; 
Falavigna et al. 2019). Falavigna et al. (2019) additionally explained that there are several 
minor effect QTLs that could contribute to control bud dormancy and chilling fulfillment 
in peach. Our observations also supported polygenic control of bud break as we identified 
GRF and G2-like transcription factor for bud break at complete chilling in the field.   
4.6 Conclusions  
Chilling requirement improved bud break of F2 grapevine population. The bud 
break assay enabled to validate the AUCBB value developed for QTL analysis. The study 




grapevine bud break. Chr3, chr8, and chr18 identified as major QTLs for chilling based 
F2 grapevine bud break. Year specific QTLs were identified for different chilling levels. 
The significantly enriched pathways suggest that hormone and reproductive development 
pathway genes are highly involved in grapevine bud break. Chilling fulfillment stages are 
associated with auxin and flowering pathway genes.  
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Mean ±sd  
Week 2 E-
L score 
Mean ±sd  
Week 3 
E-L score 
Mean ±sd  





(after 4 weeks) 
11/12Nov 382 VR37 1 1 1 1 0 
11/12Nov 382 F1 1 1 1 4 100 
11/12Nov 382 F2 1 1.02±0.22 1.42±1.16 2.38±2.12 35.31 
11/12Dec 571 VR37 1 1 2.55 5 66.67 
11/12Dec 571 F1 1 1 2.33 4 66.67 
11/12Dec 571 F2 1±0 1.21±0.69 3.67±2.31 5.34±2.56 78.027 
11/12Feb 767 VR37 NA NA NA NA NA 
11/12Feb 767 F1 NA NA NA NA NA 
11/12Feb 767 F2 1±0 NA NA NA NA 
12/13Nov 470 VR37 1 1 3.33 6 100 
12/13Nov 470 F1 1 1 1 4 100 
12/13Nov 470 F2 1±0 1±0 1.25±0.82 3.57±2.43 48.99 
12/13Dec 664 VR37 1 3.33 5.33 6.33 100 
12/13Dec 664 F1 1 1 4 7.67 100 
12/13Dec 664 F2 1±0 1.01±0.17 2.50±1.66 5.62±2.42 90.25 
12/13Feb 777 VR37 1 5 8.33 9 100 
12/13Feb 777 F1 1 3 7.67 8.33 100 
12/13Feb 777 F2 1±0 1.73±1.17 4.59±2.27 6.81±6.32 91.67 
13/14Jan 571 VR37 1 2 2.33 6 100 
13/14Jan 571 F1 1 2 3.33 7.67 100 




13/14Feb 613 VR37 1 2 5.67 18.33 100 
13/14Feb 613 F1 1 2 5.33 11 100 
13/14Feb 613 F2 1±0 2.05±0.35 2.93±1.41 5.12±4.35 39.72 
14/15Dec 491 VR37 1 1.33 3 NA NA 
14/15Dec 491 F1 1 2 3.67 NA NA 
14/15Dec 491 F2 1±0 1.94±0.41 3.05±1.46 NA NA 
14/15Jan 533 VR37 1 4.33 8.33 17.33 100 
14/15Jan 533 F1 1 3.33 5 7.66 100 
14/15Jan 533 F2 1±0 2.64±1.10 5.84±2.57 7.97±2.75 91.23 
14/15Feb 691 VR37 1 3.67 6.33 11 100 
14/15Feb 691 F1 1 4.33 9 15 100 
14/15Feb 691 F2 1±0 2.99±3.91 5.68±3.08 8.19±3.90 82.68 
15/16Nov 331 VR37 1 2 4 6.33 66.67 
15/16Nov 331 F1 1 2.66 4 7.33 100 
15/16Nov 331 F2 1±0 2.45±0.52 3.71±1.57 5.50±2.54 68.44 
15/16Dec 593 VR37 1 2.33 7 7 100 
15/16Dec 593 F1 1 2 6.33 7 100 
15/16Dec 593 F2 1±0 2.21±0.44 5.52±1.75 7±1.81 95.69 
15/16Jan 607 VR37 1 1.67 5.33 7.67 100 
15/16Jan 607 F1 1 3 7 8.33 100 
15/16Jan 607 F2 1±0 2.05±0.51 4.77±2.09 7.49±1.93 93.87 
17/18Nov 300 VR37 1 1 1.67 3 67.0 
17/18Nov 300 F1 1 1 1 1.67 0.0 
17/18Nov 300 F2 1±0 1±0 1.16±0.38 1.74±1.07 9.7 
17/18Dec 563 VR37 1 1 2 3.67 33.3 
17/18Dec 563 F1 1 1.33 1.67 2.67 0.0 




17/18Jan 666 VR37 1 1.67 4 5.33 100.0 
17/18Jan 666 F1 1 1.33 2.33 3.67 33.0 
17/18Jan 666 F2 1±0 1.45±0.52 2.43±1.09 3.36±1.63 39.9 
17/18Feb 780 VR37 1 3 3.67 5.33 100.0 
17/18Feb 780 F1 1 2 3.67 7 100.0 
17/18Feb 780 F2 1±0 1.78±0.73 2.21±1.04 3.56±1.99 40.9 
17/18Mar 998 VR37 1 3 4 6 100.0 
17/18Mar 998 F1 1 2 4 5.67 100.0 
17/18Mar 998 F2 1±0 2.58±1.40 4.30±2.19 5.82±2.46 91.0 
E-L bud break score, recommended bud scoring chart for grapevine; sd, standard deviation; VR37, V. riparia ‘Manitoba 37’; F1, the 












Table 4-2 Chilling hours and descriptive statistics of AUC values of bud break for the V. riparia ‘Manitoba 37’ (VR37), the parent 











F2 AUCBB   




17/18Nov 300 4.67 3.33 3.52 0.7 3 6 1.65 2.19 101 6.38E-12 
17/18Dec 563 5.33 4.83 5.24 1.65 3 12 1.08 1.55 100 1.31E-05 
17/18Jan 666 7.63 6.75 5.89 1.47 3 9.83 -0.032 -0.355 99 0.344 
17/18Feb 780 9.83 9.67 6.19 1.85 3 10 0.01 -1.03 87 0.01521 
17/18Mar 998 10.50 9.33 10.39 3.79 3 19.67 0.14 -0.54 99 0.346 
11/12Dec 571 7.67 5.83 6.94 2.91 3.33 14.67 0.84 -0.23 79 2.40E-05 
12/13Nov 470 7.83 4.50 4.49 1.59 3 10.33 1.70 2.73 83 4.87E-06 
12/13Dec 664 12.33 9.33 6.77 2.35 3 11.33 0.42 -0.30 80 0.006916 
12/13Feb 777 18.16 15.16 9.64 3.57 3 19.50 0.20 -0.09 83 0.04655 
13/14Jan 571 7.16 9.66 8.53 1.61 4.16 14.67 0.19 1.63 92 0.003665 
13/14Feb 613 17.33 13.33 8.17 2.87 5.5 18.50 0.99 0.44 91 1.37E-08 
14/15Jan 533 21.83 12.66 13.08 3.16 5 20.83 -0.22 -0.19 73 0.2903 
14/15Feb 691 16.00 21.33 13.38 4.71 3 20.83 -0.51 -0.52 73 0.005373 
15/16Nov 331 9.67 10.83 9.09 2.65 3 17.33 0.25 0.52 89 0.1856 
15/16Dec 593 13.33 12.33 11.76 2.26 7.5 17 0.33 -0.50 92 0.1036 






Table 4-3 Correlation coefficients between week 4 E-L scores and AUC in 2017/18 dormant season 
 Nov.AUC Dec.AUC Jan.AUC Feb.AUC Mar.AUC Novwk4bb Decwk4bb Janwk4bb Febwk4bb 
Nov.AUC          
Dec.AUC 0.51*         
Jan.AUC 0.32* 0.32*        
Feb.AUC 0.13 0.33* 0.37*       
Mar.AUC 0.29* 0.34* 0.41* 0.49*      
Novwk4bb 0.97* 0.51* 0.36* 0.12 0.35*     
Decwk4bb 0.52* 0.91* 0.36* 0.42* 0.35* 0.52*    
Janwk4bb 0.28* 0.27* 0.91* 0.35* 0.38* 0.33* 0.33*   
Febwk4bb 0.17 0.26* 0.37* 0.92* 0.45* 0.16 0.38* 0.37*  
Marwk4bb 0.20* 0.26* 0.42* 0.46* 0.92* 0.26* 0.30* 0.38* 0.42* 
AUC, area under the curve value across four weeks of E-L bud break score; wk4bb, E-L bud break score at fourth week; *, 
statistically significant at p-value≤0.05; bolded numbers indicate correlation coefficient for AUC and fourth week bud break score at 










Table 4-4 ANOVA table all the fixed effects of the linear mixed model developed for AUCBB of F2 grapevine population 
Term  Sum sq Mean sq DF F value p-value 
Week 456.91 152.30 3 62.3769 <2.20E-16 
ReceivedChilling 94.60 94.60 1 38.7441 4.93E-10 
Year 1353.13 270.63 5 110.837 < 2.2e-16 
Generation 1.21 0.61 2 0.2488 0.7799 
Week:ReceivedChilling 1490.02 496.67 3 203.416 < 2.2e-16 
ReceivedChilling:Year 672.38 134.48 5 55.0756 < 2.2e-16 
Term, the fixed effect term in the model; Sum sq; sums of squares; Mean sq, mean sum od square; DF, degree of freedom; F value, F 

































































































































































































































































NA NA NA 3.95 3.61 Binary 








































571 2011/12 Dec201112wk4BB 79 
8*
19 
     21.10      50.31 
767 2011/12 Feb201112wk4BB 
NoQT
L 
             

































































































































17.24 -1.20 0.19 4.02 3.66 normal 17.24 






17.86 0.51 -1.28 3.80 3.45 normal 17.86 
571 2013/14 Jan201314wk4BB 
NoQT
L 
             
613 2013/14 Feb201314AUC 91 18 5.04 31.20 gbs_18_8577418 
3.11-
35.39 
rh_18_474745-rh_18_9976929 4.96 4.67 np  
613 2013/14 Feb201314wk4BB 91 18 4.51 35.01 rh_18_9885500 
6.93-
37.84 
gbs_18_1535620-rh_18_10762383 4.97 4.63 np  
533 2014/15 Jan201415AUC 
NoQT
L 
             



























691 2014/15 Feb201415wk4BB 73 1 3.39 4.92 gbs_1_974740 0-33.2 
gbs_1_61235-
gbs_1_12515801 













331 2015/16 Nov1516AUC 
NoQT
L 
             














5.89 -0.02 -1.12 3.92 3.61 normal 46.63 





11.85 1.17 -0.50 3.92 3.61 normal 11.85 





22.76 -1.50 -0.26 3.92 3.61 normal 22.76 












607 2015/16 Jan201516AUC 
NoQT
L 
             
607 2015/16 Jan201516wk4BB 
NoQT
L 
             





NA NA NA 4.30 3.76 2part NA 





NA NA NA 3.96 3.34 2part NA 











































































































10.42 0.02 0.99 3.94 3.61 normal 45.54 





14.66 -0.87 0.23 3.94 3.61 normal 45.54 





15.75 0.50 0.80 3.94 3.61 normal 45.54 





7.55 -0.56 0.35 3.94 3.61 normal 45.54 






15.78 -0.71 0.64 3.99 3.61 normal 28.63 





10.24 0.31 0.54 3.99 3.61 normal 28.63 












            






15.44 -1.90 -1.58 3.89 3.58 normal  



















NA NA NA 3.58 3.28 np   
 
CH, received chilling hours at sampling; AUC, area under the curve bud break score value; wk4BB, fourth week bud break score; 
NoQTL, did not observe any QTL; LOD, likelihood ratio comparing the hypothesis of a QTL at a position versus that of no QTL 
(Broman et al. 2003); % variation, the percentage variation explained by the QTL or model; rh, rhAmpSeq marker; gbs, genotype by 
sequence marker; Method of transform/analysis, whether the trait value is transformed and which method followed by QTL mapping 
method either normal (normal), non-parametric (np), binary (binary), or non-parametric 2part (2part) method; sqrt, square root 













Trait Enriched pathways 
2011/12 chr3 382 Nov201112wk4BB vv30003Auxin_signaling 







    vv44110Cell_cycle 
    vv50123Porters_cat_18_to_29 
    
vv23050Proteasome 
 
2011/12 chr8 571  Dec201112wk4BB vv10740Riboflavin_metabolism 
    vv44810Regulation_of_actin_cytoskeleton 
    vv10910Nitrogen_metabolism 
    vv60012BZIP 
    vv60093TRAF 
    vv10010Glycolysis 
    vv50110Protein_coat 
    
vv60017C2H2 
 
2012/13 chr3 470 Nov201213AUC vv10943Isoflavonoid_biosynthesis 
   
 vv60001ABI3VP1 
    vv30001ABA_signaling 
    vv10500Starch_and_sucrose_metabolism 
    vv10592Alpha-linolenic_acid_metabolism 
    vv30003Auxin_signaling 




    vv34020Calcium_signaling_pathway 
    vv11013ABA_biosynthesis 
    
vv10860Porphyrin_and_chlorophyll_metabolism 
 
2012/13 chr3 470  Nov201213wk4BB vv10943Isoflavonoid_biosynthesis 
    vv60001ABI3VP1 
    vv10500Starch_and_sucrose_metabolism 
    vv10592Alpha-linolenic_acid_metabolism 
    vv34020Calcium_signaling_pathway 
    vv10904Diterpenoid_biosynthesis 
    vv30001ABA_signaling 
    vv10940Phenylpropanoid_biosynthesis 
    vv11013ABA_biosynthesis 
    
vv30009Flower_development 
 
2012/13  664 Dec201213AUC vv10943Isoflavonoid_biosynthesis 
    vv60001ABI3VP1 
    vv30001ABA_signaling 
    vv10500Starch_and_sucrose_metabolism 
    vv10592Alpha-linolenic_acid_metabolism 
    vv30003Auxin_signaling 
    vv10904Diterpenoid_biosynthesis 
    vv34020Calcium_signaling_pathway 
    vv11013ABA_biosynthesis 
    
vv10860Porphyrin_and_chlorophyll_metabolism 
 
2012/13 chr18   Nov201213AUC vv50124Porters_cat_30_to_64 




    vv10071Fatty_acid_metabolism 
    vv60093TRAF 
    vv10350Tyrosine_metabolism 
    vv50104Group_translocators 
    vv10592Alpha-linolenic_acid_metabolism 
    vv23060Protein_export 
    
vv60056SET_PCG 
 
2013/14 chr3 691 Feb201415AUC vv10943Isoflavonoid_biosynthesis 
    vv60001ABI3VP1 
    vv10500Starch_and_sucrose_metabolism 
    vv10592Alpha-linolenic_acid_metabolism 
    vv10904Diterpenoid_biosynthesis 
    vv34020Calcium_signaling_pathway 
    vv30001ABA_signaling 
    vv60085MTERF 
    vv60045MYBrelated 
    vv11013ABA_biosynthesis 
    
vv10860Porphyrin_and_chlorophyll_metabolism 
 
2013/14 chr18 613 Feb201314AUC vv23013RNA_transport 
    vv23015mRNA_surveillance_pathway 
    vv60011BHLH 
    vv23018RNA_degradation 
    vv60017C2H2 
    vv60040LIM 




    vv50124Porters_cat_30_to_64 
    
vv60001ABI3VP1 
 
2015/16 chr3 331 Nov201516wk4BB vv30011Jasmonate_signaling 
    vv34626Plant-pathogen_interaction 
    vv60042MADS 
    vv23030DNA_replication 
    vv10940Phenylpropanoid_biosynthesis 
    vv44110Cell_cycle 
    vv10943Isoflavonoid_biosynthesis 
    vv10300Lysine_biosynthesis 
    
vv11002Auxin_biosynthesis 
 
2015/16 chr3 593 Dec201516AUC vv30011Jasmonate_signaling 
   
 vv34626Plant-pathogen_interaction 
    vv60042MADS 
    vv10940Phenylpropanoid_biosynthesis 
    vv23030DNA_replication 
    vv44110Cell_cycle 
    vv10943Isoflavonoid_biosynthesis 
    vv10300Lysine_biosynthesis 
    
vv11002Auxin_biosynthesis 
 
2015/16 chr18 593 Dec201516AUC vv60052RWP-RK 
    vv50121Porters_cat_1_to_6 
    vv10592Alpha-linolenic_acid_metabolism 
    vv50132Primary_active_transporter_cat_A5_to_A8 




    vv23060Protein_export 
    vv60045MYBrelated 
    vv50113Thylakoid_targeting_pathway 
    
vv10600Sphingolipid_metabolism 
 
2017/18 chr11   Nov201718wk4BB vv60044MYB 
    vv44110Cell_cycle 
    
vv60033GRF 
 
2017/18 chr18 563 Dec201718AUC vv60012BZIP 
    vv60075Other_BSD 
    
vv10564Glycerophospholipid_metabolism 
 
2017/18 chr18 563 Dec201718wk4BB vv10908Zeatin_biosynthesis 
    vv50124Porters_cat_30_to_64 
    vv30008Ethylene_signaling 
    vv50125Porters_cat_66_to_94 
    vv60042MADS 
    vv60011BHLH 
    
vv10680Methane_metabolism 
 
2017/18 chr19 563 Dec201718AUC vv10941Flavonoid_biosynthesis 
    vv60010BES1 
    vv10900Terpenoid_biosynthesis 
    vv60012BZIP 
    vv11030Glycan_structures-biosynthesis1 
    vv10942Anthocyanin_biosynthesis 




2017/18 chr8 563 Dec201718WK4BB vv10051Fructose_and_mannose_metabolism 
    vv10040Pentose_glucuronate_interconversion 
 
   vv10561Glycerolipid_metabolism 
 
   vv10052Galactose_metabolism 
 
   vv10620Pyruvate_metabolism 
    vv10480Glutathione_metabolism 
    
vv10030Pentose_phosphate 
 
2017/18 chr8 563 Dec201718AUC vv10940Phenylpropanoid_biosynthesis 
    vv60086OFP 
    vv50122Porters_cat_7_to_17 
    vv50132Primary_active_transporter_cat_A5_to_A8 
    vv10051Fructose_and_mannose_metabolism 
    vv10010Glycolysis 
    vv10740Riboflavin_metabolism 
    
vv60035HMG 
 
2017/18 chr12  Jan201718wk4BB vv10360Phenylalanine_metabolism 
    vv10564Glycerophospholipid_metabolism 
    vv10680Methane_metabolism 
    vv10500Starch_and_sucrose_metabolism 
    vv34070Phosphatidylinositol_signaling_system 
    vv10561Glycerolipid_metabolism 
    vv34626Plant-pathogen_interaction 
    vv30005Brassinosteroids_signaling 
    vv10520Nucleotide_sugars_metabolism 




    
vv60054SAP 
 
2017/18 chr15  Jan201718wk4BB vv34627R_proteins_from_Plant-pathogen_interaction 
    vv10480Glutathione_metabolism 
    vv50133Primary_active_transporter_cat_A9_to_A18 
    vv30009Flower_development 
    vv60042MADS 
    vv11002Auxin_biosynthesis 
    
vv10220Urea_cycle_and_metabolism_of_amino_groups 
 
2017/18 chr8 666 Jan201718AUC vv10860Porphyrin_and_chlorophyll_metabolism 
    vv60029G2-like 
    vv11040Biosynthesis_of_unsaturated_fatty_acids 
    vv10360Phenylalanine_metabolism 
    
vv10252Alanine_and_aspartate_metabolism 
 
2017/18 chr8 998 Mar201718AUC vv10051Fructose_and_mannose_metabolism 
    vv10561Glycerolipid_metabolism 
    vv10040Pentose_glucuronate_interconversion 
    vv10940Phenylpropanoid_biosynthesis 
    vv10052Galactose_metabolism 
    vv50122Porters_cat_7_to_17 
    vv10620Pyruvate_metabolism 
    vv60086OFP 
    
vv50132Primary_active_transporter_cat_A5_to_A8 
 
2017/18 chr8 Full Mar201718Field vv60033GRF 




    vv44810Regulation_of_actin_cytoskeleton 















Table 4-7 Genes that identified in selected enriched pathways and gene information 
Chrom 
osome 
Pathway Genes Locus tag Gene symbol Gene description 
chr8 vv60086OFP VIT_08s0007g02550  LOC104880159 transcription repressor OFP6 
  VIT_08s0007g02560  LOC100251218 transcription repressor OFP13 
  VIT_08s0007g02570  LOC100249306 probable CCR4-associated factor 1 homolog 9 
chr8 vv60012BZIP VIT_08s0007g03640 VIT_00033811001 LOC100257875 uncharacterized LOC100257875 
  VIT_08s0007g03420 VIT_00033832001 LOC100247734 protein ABSCISIC ACID-INSENSITIVE 5 
  VIT_08s0007g06160 VIT_00033531001 LOC100262335 transcription factor TGA2.2 
  VIT_08s0007g05170 VIT_00033632001 LOC100252149 transcription factor TGA2.2 
chr8 vv60093TRAF VIT_08s0007g03590    
  VIT_08s0007g03580 VIT_00033817001 LOC100251206 BTB/POZ domain-containing protein FBL11 
  VIT_08s0007g05740 VIT_00033571001 LOC100241869 regulatory protein NPR5 
chr8 vv60017C2H2 VIT_08s0007g03880 VIT_00033783001 LOC100251089 polyadenylation and cleavage factor homolog 4 
  VIT_08s0007g04770 VIT_00033678001 LOC100252049 zinc finger protein ZAT5-like 
  VIT_08s0007g05070 VIT_00033644001 LOC100262388 zinc finger protein 593 
chr8 vv60035HMG VIT_08s0007g02200 VIT_00033966001 LOC100256381 high mobility group B protein 1 
chr8 vv60029G2-like VIT_08s0058g00240 VIT_00030315001 LOC100265991 uncharacterized LOC100265991 
  VIT_08s0058g00250   HTH myb-type domain-containing protein 
  VIT_08s0105g00370   HTH myb-type domain-containing protein 
chr8 vv60033GRF VIT_08s0007g06690 VIT_00033479001 LOC100260560 uncharacterized LOC100260560 
  VIT_08s0007g06640    
chr18 vv60052RWP-RK VIT_18s0122g01310    
  VIT_18s0122g01300    
  VIT_18s0122g01290    




  VIT_18s0001g01700    
  VIT_18s0001g01740    
chr18 vv60011BHLH VIT_18s0001g10300 VIT_00009469001 LOC100266006 transcription factor bHLH95 
  VIT_18s0001g10270    
  VIT_18s0001g08600    
  VIT_18s0001g09210    
  VIT_18s0001g10400    




ethylene-responsive transcription factor 
ERF011-like 
  VIT_18s0001g10130  LOC100248940  
  VIT_18s0001g09590 VIT_00009401001 LOC100854834 zinc finger protein 4 
chr3 vv60001ABI3VP1 VIT_03s0063g00620 VIT_00031761001 LOC100262457 B3 domain-containing protein At3g19184 
chr3 vv60042MADS VIT_03s0088g00590 VIT_00037026001 LOC100242931 agamous-like MADS-box protein AGL62 
  VIT_03s0088g00510 VIT_00037034001 LOC100251544 agamous-like MADS-box protein AGL62 
  VIT_03s0088g00610 VIT_00037022001 LOC100263465 agamous-like MADS-box protein AGL62 
  VIT_03s0088g00600 VIT_00037024001 LOC100248056 agamous-like MADS-box protein AGL62 
  VIT_03s0088g00550 VIT_00037031001 LOC100249782 agamous-like MADS-box protein AGL62 
chr18 vv60042MADS VIT_18s0001g04810    
  VIT_18s0001g07460 VIT_00037031001 LOC100249782 agamous-like MADS-box protein AGL62 
  VIT_18s0001g07900 VIT_00009219001 LOC100253898 agamous-like MADS-box protein AGL16 
  VIT_18s0001g09540 VIT_00009393001 LOC100253913 agamous-like MADS-box protein AGL104 
chr15 vv60042MADS VIT_15s0024g01860    
  VIT_15s0024g02000 VIT_00015641001 LOC100853161 MADS-box protein SVP 






 Figure 4-1 Chilling accumulation over winter months across six years of the research. 
X-axis is for time in months across dormant season. Y-axis is for cumulated fulfilled 
chilling hours at sampling. The number in each circle indicated the specific chilling value 










































































Figure 4-2 E-L bud break score changes with increasing chilling across six years 
Boxplots show E-L bud break score by chilling group for three generations over six 
years. GP_F = female grandparent V. riparia ‘Manitoba 37’, F1 = the parent, F2 = F2 
population, mean E-L bud break score across all genotypes. Color of the box plot 










Figure 4-3 Genotype changes AUCBB with increasing chilling.  
X-axis is for fulfilled chilling hours at sampling. Y-axis is for area under the curve bud 
break values. GP_F = female grandparent V. riparia ‘Manitoba 37’, F1 = the parent, F2_ 
= the specific genotypes in F2 population. Bud break is denoted by dotted horizontal line 











Figure 4-4 QTL activation in different linkage groups with chilling fulfillment over time. 






























































Figure 4-5 Major QTL distribution on chr3, chr8, and chr18 on V. ripara x V. vinifera 
















5 Chapter 5 Investigating photoperiod on grapevine bud break under different 
chilling fulfillment levels and QTL mapping  
5.1.1 Abstract 
The timing of bud break has become a critical event in grapevine growth with 
changing climate since it is a complex process and controlled by seasonal environmental 
cues and genetic components of the plant. Although temperature and chilling are well 
known major drivers of grapevine bud break, the role of the genetic architecture of bud 
break is not clear in the literature. Therefore, we studied the effect of chilling fulfillment 
on bud break under constant light and under a more natural bud break photoperiod of 13h 
and the genetic mechanism that controls the bud break of the F1 population Riesling × 
Cabernet Sauvignon. Chilling fulfillment increases the rate of bud break and reduces the 
time for onset of bud break the population. Constant photoperiod improved bud break and 
replaced the insufficient chilling. QTL mapping observed 55 QTLs (26 and 29 QTLs for 
13h and 24h photoperiod treatments respectively). Additional QTL was appeared in 24h 
photoperiod on chr10 compared to 13h photoperiod. The colocation of QTLs was 
observed on chromosomes 2, 6, and 10.   
5.2 Introduction 
5.2.1 Bud break in grapevines  
In woody perennials, bud dormancy is a complex process and plays an important 
role in surviving under unfavorable environmental conditions including cold, drought, 
and heat (Arora et al. 2003). During dormancy, inhibition of cell metabolic activities and 
cell division and growth suppression support the survival of plants through metabolic, 




Grapevine buds go and stay dormant in response to decreasing photoperiod and 
low temperature in fall (Fennell and Hoover 1991; Fennell et al. 2015). During the 
dormancy period, cell division and metabolism of plants are reduced or inhibited and 
these plants require sufficiently long expose to cool, non-freezing temperature or chilling 
to release dormancy (Basler and Koner 2014; Beauvieux et al. 2018; Rodriguez et al. 
2018). The Chilling requirement is measured in hours of exposure at the optimum low 
non-freezing temperatures that lie between 0 and 70 C (Mathiason et al. 2009; Melke 
2015; Anzanello et al. 2018). Temperature affects two main events of grapevine 
phenology; chilling requirement fulfillment and bud break initiation. Temperatures 
between 0 to 70 C are the most effective for chilling fulfillment while temperatures below 
sub-zero are ineffective for chilling fulfillment (Basler and Koner 2014). After 
completing the chilling, grapevine buds held ecodormancy under the influence of low 
temperature and deacclimate in response to increasing temperature in spring. When 
grapevine reaches its required chilling, bud break occurs with activation of metabolic 
activities and a rapid rise in respiration rate (Noriega and Perez 2017; Beauvieux et al. 
2018). The first sign of bud break is bud swelling and once plants break buds, bud tissues 
lose freezing tolerance. In grapes, buds are typically injured at -2 to -40 C (Fennell 2004).  
Genotype-specific cumulative chilling is a requirement of grapevine bud break 
and responsible for increasing bud cold hardiness and releasing bud dormancy (Trought 
et al. 1999; Aiman et al. 2009; Andreini et al. 2009; Anzanello et al. 2018). Adequate 
chilling forces to break buds and starts growth when favorable conditions arrive in spring. 
Insufficient chilling accumulation generally results in uneven, weak, and prolonged bud 




Melke 2015) and can be compensated by additional heat and photoperiod (Heide 1993). 
In addition, a 100% bud break can be observed after an adequate chilling period (Keller 
2015). Chilling temperature as well as the duration that receives chilling (hours) affect 
grape bud break (Dokoozlian 1999) and vary among cultivars. Dokoozlian (1999) 
recommended a minimum of 200 hours of chilling to achieve commercially acceptable 
levels of bud break of Perlette Vitis vinifera cultivar. Moreover, Londo and Johnson 
(2014) reported that Vitis vinifera requires 50-400 chilling hours while other species need 
250-2250 hours to break buds. 
5.2.2 Temperature influences bud break 
The timing of bud break is affected by environmental factors including warm air 
temperature, chilling, and photoperiod and their interactions (Basler and Koner 2014). 
Vine related factors such as the number of chilling hours needed, and soil temperature 
and moisture play a role in grapevine bud break (Zelleke et al. 1980). The first sign of 
bud break is bud swelling. Once plants break buds, bud tissues lose freezing tolerance. In 
grapes, buds are typically injured at -2 to -40 C (Fennell 2004). The warm temperature 
after bud break is a requirement and induces grapevine bud break. Although each 
genotype or species may have different temperature optimum, 100 C is the common 
temperature threshold for growth resumption (Moncur et al. 1989; Oliveria 1998; Zapata 






5.2.2.1 Photoperiod influences bud break 
Photoperiod is another essential driver for bud break. Plants recognize light by 
their duration, intensity, and quality. Grapevine species respond to decreasing 
photoperiod differently in dormancy induction showing photoperiod sensitive and non-
sensitive two groups (Wake and Fennell 2000). However, the role of photoperiod in 
grapevine bud break is not well documented. Long photoperiod promotes initiation and 
advancement of bud break and compensates for the insufficient chilling requirement in 
woody plants including grapevine (Erez et al. 1966; Heide 1993; Basler et al. 2014). 
Together with temperature, photoperiod accelerates the bud break in grapevine (May et 
al. 1976). In addition, photoperiod decreases the thermal requirement of bud break 
(Basler and Koner 2014).  
5.2.3 Bud break measurements 
The main measurement of bud break studies is the shoot development starting 
from the bud dormant stage. Since bud break and shoot elongation is a continuous 
process of plant growth, measurements are repeated over time for at least a few weeks 
(Kitao et al. 2012). The forcing assays allow evaluating bud break in relation to genetic 
and controlled environmental conditions (Andreini et al. 2009). Depending on the 
purpose/s of the study, measurements can be taken as days to bud break or shoot 
elongation, or length of the growing bud (Basler and Koner 2014; Salminen and Jalkanen 
2015). In addition, quantification of bud break and shoot development is readily scored 
using a modified E-L system for grapevine growth stages after several prior attempts 
(Baggiolini 1952; Eichhorn and Lorenz 1977; Coombe 1995; Andreini et al. 2009).  In a 




swell, 3 for woolly bud) are categorized before the bud burst stage. Stage 4 or green tip/ 
first leaf tissue visible has picked as the major stage of bud break in the modified E-L bud 
scoring system. Similar to the bud burst stage, the modified E-L system for grapevine 
growth includes bud break score and growth stage description for all growth and 
development stages.  However, depending on environmental conditions and variety, time 
to reach a particular developmental stage can be changed (Coombe 1995). 
5.2.4 Bud break analysis methods 
Bud break data consists of four weeks repeat measurements on bud break scored 
using the modified E-L bud break score on one or a few treatments. Linear mixed effect 
random (LMER) models offer information about the regression relationship between 
covariates and repeated responses (Bates et al. 2015). The model captures the correlations 
of repeated measures using random effects that serve to describe individual trends over 
time (Bates et al. 2015). In theory, correctly estimating model parameters requires 
accurately specifying the random effect distribution, which is the normal distribution. 
Random effects allow estimation of cluster-specific effects useful for understanding inter-
individual variability in longitudinal responses and cluster-specific predictions. In 
addition, this model allows estimating multi-level hierarchical models that allow 
prediction for each level (Everitt and Hothorn 2005). 
For the current analysis, we used LMER models since the data contain four time 
points with several covariates (fixed or random) and may have missing values. LMER 
model consists of two types of effects that are fixed effects that include all the levels of 





The objectives of data analysis were (1) identify the population variation for the 
chilling requirement and photoperiod effect (2) to investigate two levels of photoperiod 
on bud break (3) identify QTLs for photoperiod influenced bud break.    
5.3 Materials and method 
5.3.1 Plant materials 
A total of 143 genotypes from Riesling × Cabernet Sauvignon F1 population 
grown in California, USA was used for the bud break study (Viana et al. 2011). After 
grapevines entered dormancy and dropped leaves in December, ten canes per each 
genotype were selected for the experiment. Canes were transported within overnight to 
South Dakota State University (SDSU), Brookings. Each cane was cut into ten single 
node pieces, maintaining their identity. Samples were placed in separate bags and were 
stored in dark at 40 C cooler at SDSU for artificial chilling accumulation. This procedure 
was followed for both 2011 and 2012 experiments.   
5.3.2 Chilling accumulation on bud break (Experiment 1) 
In 2011, 6 replicates of the 143 F1 genotypes including two parents of DVIT 
population were exposed to 10 different chilling accumulation treatments (from 168 to 
1344 hours as single-node cuttings and for 1344 hours as canes). After each week chilling 
(168 chilling hours = 24h x 7 days), randomly selected six single node cuttings from each 
genotype were placed in bud break assay with 4 cm water level. The bud break assay was 
conducted at 230 C under 13 hours (13h) photoperiod in a Conviron growth chamber at 




system for four weeks (Coombe 1995). The same experimental procedure was carried out 
for all 12 chilling treatments.  
5.3.3 Photoperiod influence on bud break (Experiment 2) 
Two parents, two grandparents, and 143 F1 genotypes were used to monitor the 
effect of chilling accumulation and light period on bud break in 2012. Cane harvesting, 
preparation for the experiment, and exposure to chilling treatments were done as in 2011. 
After each chilling treatment, two sets were taken out for forcing assays. One set of 
genotypes was given 13h light period while the other set was placed under 24h light. The 
temperature of both chambers was maintained at 230 C and data were recorded as done in 
2011. Figure 5.1 explains the experimental arrangement. 
 
Figure 5-1 Experimental method flow chart 
 
5.3.4 Method of analysis 
5.3.4.1 Estimation of main effects on bud break 
Before analyzing, the data set were curated to identify and remove dead buds. For 


































replicates that have not shown any break during the experiment after treated with a 
minimum of 1100 chilling hours were named as dead buds. 
The unique feature of this study is that the repeated measurements of the E-L bud 
break score over four weeks, therefore, weekly E-L bud break score measurements are 
correlated rather than independent. Random intercept and slope model in linear mixed 
model were selected for data analysis since each genotype has its onset and rate of bud 
break.  
Random intercept and slope model 
𝑦𝑖,𝑗 = 𝛽0 + 𝛽1𝑡𝑗 + 𝑢𝑖 + 𝑣𝑖𝑡𝑗 + 𝜖𝑖,𝑗                                                  5.1 
where 𝑦𝑖,𝑗is the E-L bud break score of 𝑖
th genotype of 𝑗th week, 𝛽0is the grand mean, 
𝛽1 is the slope of 𝑡𝑗 time point. There are three random effects in this model; the intercept 
and slope of the linear time trend for the population denoted by 𝜖𝑖,𝑗 and two random 
effects for each genotype; 𝑢𝑖 for the intercept and  𝑣𝑖𝑡𝑗 for the slope. The random effects 
for a particular genotype are the deviations in intercept and slope of that genotype’s time 
trend from the population values (Everittand and Hothorn 2005).  
Two models were built for the chilling hour experiment and photoperiod 
experiment separately. The model for chilling fulfillment included week, chilling hours, 
and their interaction terms. The main factors in the model developed for photoperiod 
treatment were week, chilling hours, photoperiod, and chilling: photoperiod interaction. 
Both models were analyzed using the lmer function in the lme4 package in R (Bates et al. 
2015). Model adequacy was checked with fixed and random model residual plots 
according to model assumptions. The normal distribution of residuals was checked using 




5.3.4.2 Develop a single measurement of bud break 
To develop a single measurement using four weeks E-L bud break score data, the 
concept of receiver operator characteristic (ROC) curve in epidemiological data analysis 
was employed. ROC curves can be used to select the threshold level of a classifier or 
discriminate a classifier; however, the area under the ROC curve (abbreviated as AUC) is 
a tool to compare the usefulness of classifiers (Ekelund 2011; Wekheye 2014). Since 
these data represent the repeated measures of individuals over time, the area for all four-
time points can be calculated using equation 5.2. This equation is based on the principle 
used for area calculation of trapezoid, as the data points connect linearly.     










) (𝑡4−𝑡3)                                      5.2 
Where 𝐴𝑖𝑗is area of j
th replicate of ith individual, 𝑡 is time point and 𝑠𝑖𝑗𝑛 is the 𝑛
th E-L 
score of jth replicate of ith individual. The newly developed variable, AUC is a numerical 
variable and will be used to build mixed effect linear model to identify main effects and 
their interactions.       
5.3.5 QTL analysis 
For QTL analysis, a genetic map with 2313 markers (both SSR and SNP) 
developed for 137 genotypes were used.   
QTL analysis was conducted for all chilling and photoperiod treatments separately 
using the software MapQTL 6.0 (Van Ooijen 2009). Putative QTL regions were 
determined by interval mapping. LOD threshold value was calculated based on 1000 




LOD score. Only QTLs with LOD score more than the threshold level was reported as 
significant QTLs. QTLs were scanned for each trait. For each QTL, LOD value, peak 
position and the marker, and percentage of variation explained were recorded.  
5.4 Results  
5.4.1.1 The influence of week, light period, and chilling hours on bud break   
Bud break score increased at each time point with time of observation.  Bud break 
initiation occurred earlier with increased chilling (Figure 5.2).    
5.4.1.1.1 Chilling hour model evaluation  
The best match model was the random intercept and slope model with week, 
chilling hours, and their interaction as main effects. The best-fitted model has explained 
the data behavior with adequate residual plots. Week and chilling hours significantly 
increase the bud break of the F1 grapevine population (Table 5.1 and Figure 5.2). 
5.4.1.1.2 Photoperiod model evaluation 
The developed model for photoperiod effect included week, chilling hours, 
photoperiod, and chilling hours and photoperiod interaction (Table 5.3 and Figure 5.2). 
The 24h photoperiod increased the rate of bud break in comparison to the 13h 
photoperiod at the same chilling time. Response to the 24h photoperiod was low under 
higher chilling hours.  
5.4.2 Difference in bud break response of genotypes of the population 
 The population showed a large variation for the timing of bud break across all 
chilling hour and light treatments. Genotypes like DVIT_25 appeared as early bud 




1000 chilling hours (Figure 5.3). Similarly, some genotypes (DVIT_056) showed positive 
responses to 24h photoperiod after chilling fulfillment while some genotypes  
(DVIT_006) were less responsive to 24h photoperiod with complete chilling (2016 
chilling hours) (Figure 5.3).  
The photoperiod treatment was significant. Four grandparents had greater bud scores 
at the 24h than the 13h photoperiod at low chilling levels. Cabernet Franc, Sauvignon 
Blanc, and Cabernet Sauvignon showed similar bud break patterns for both light period 
treatments. Riesling showed an inconsistent pattern in bud break for this study. 
5.4.3 QTL results 
QTL mapping was done for photoperiod treatments separately. There were 55 QTLs 
observed in 2012 for 13 and 24h photoperiod treatments (Table 5.4). We identified 26 
QTLs for 13h photoperiod experiment; 29 QTLs for 24h photoperiod in the F1 grapevine 
population. For 13h photoperiod, we identified a major QTL on chr2 for all chilling 
levels that we tested. In addition, QTLs on chromosome 6, 10, and 12 were observed. For 
24h photoperiod had two major repeated QTLs on chromosomes 2 and 10. Interestingly, 
all chilling treatment levels also had a QTL on chr2 for the 24h photoperiod. Most of the 
12 chilling levels in 24h photoperiod treatment contributed to the QTL in chr10.     
5.5  Discussion 
Bud break is a complex trait controlled by several environmental factors and the 
genetic component of plants. In this experiment, levels of chilling accumulation and 
photoperiod respond differently for the bud break of the F1 grapevine population. As 
chilling is a requirement of releasing endo-dormancy, evaluation of the influence of 




hours can be done more accurately in controlled conditions. Chilling received in the field 
is highly variable and be influenced by sun warming the bud and drought condition 
(Shellie et al. 2018). Therefore, controlled environment bud break studies may give 
slightly different results than the field situations. As constant temperatures in the dark 
minimize the noises of bud break studies and will enhance the genetic effect of targeted 
plants. 
In this study, we observed a reduction in time needed to bud break with increase 
chilling which agrees with previous studies on several deciduous plants (Heide 1993; 
Pletsers et al. 2015; Nanninga et al. 2017). The increased chilling caused a more rapid 
bud break (greater bud score at a given week). In addition, when a genotype received its 
required chilling for releasing endo-dormancy, bud break was very rapid. Chilling not 
only increased the bud break scores (rate of shoot growth) but shortens the time required 
for bud break initiation particularly under 24h photoperiod. This indicates the importance 
of accessing complete chilling to maximizing the plant vigor, since incomplete chilling 
cause to erratic bud break and unhealthy buds (Dokoozline 1999). Though the current 
chilling hours during grapevine dormant season is sufficient for healthy bud break in 
many regions, changes in winter temperatures may affect to chilling accumulation 
(Pletsers et al. 2015; Zohner and Renner 2015). Identification of genotype specific 
chilling may be important in this scenario indicating the ability to replace existing 
genotypes with genotypes better matched to that match the climate. This study suggests 
that the Cabernet Sauvignon × Reisling F1 population required around 500 chilling units 
to fulfill the chilling requirement, however, high chilling hours may shorten the time of 




the USA which is famous for grape cultivation with global warming (Nanninga et al. 
2017). Agreeing with our observation, previous grapevine study on bud break showed 
400h chilling hour requirement for Cabernet Sauvignon bud break (Anzanello et al. 
2018).         
Photoperiod influence on bud break was high especially when grapevine buds had 
not completed chilling fulfillment chilling showing significant interaction between 
chilling and photoperiod (Pletsers et al. 2015). Since this is an observation in a controlled 
environment with two contrasting photoperiods, bud break under natural conditions may 
show higher genetic environment interaction. We observed genotypes that showed 
sensitivity to photoperiod (statistical tests are not possible with n=4 sample size). Those 
genotypes can be recommended to areas where fluctuating spring temperatures, however, 
further experiments are needed before the recommendation (Rezazadeh and Stafne 2019). 
In addition, genotypes with low bud break across all chilling and photoperiod levels 
tested may suggest the photoperiod insensitivity of those specific genotypes. Contrasting 
to this observation, Laube (2014) suggested studying photosensitivity and chilling 
separately as insufficient chilling changes photosensitivity of buds. A previous report 
showed that sensitivity to the photoperiod of Fagus sylvatica reduces the early dormancy 
release and frost damage that is valuable for vigorous growth (Caffarra and Donnelly 
2011). Some studies suggest that long photoperiod slightly increases the bud break of 
some tree species (Laube et al. 2014). Contrasting to this observation, the absence of 
chilling and photoperiod interaction was reported for several deciduous tree species 




The experimental units also play a key role in bud break experiments since apical 
dormancy affects lateral bud break. Cuttings from mature trees are more suitable for bud 
break studies than young trees as cuttings from mature trees are physiologically closer to 
adult trees (Vitasse and Basler 2014). Type of the experimental units also influences the 
results of bud apical dominance and position significantly affect bud break.  
There are several ways to evaluate bud break experiments. Other than the scoring 
bud break across four weeks, we can count days to start bud break (green tip stage or four 
leaves separated stage) or days to 50% bud break. Though we used the modified E-L bud 
scoring method for grapevines to evaluate bud break, this scale is originally designed to 
evaluate field bud break. As for vigor of bud break and shoot growth is expected to be 
different in single node cutting and field grew plant, we need to be careful using the 
modified E-L bud scoring for controlled bud break studies.  
QTL results confirmed the bud break as a multigenic trait. Since grapevine bud 
break is affected by multiple environmental factors, multiple genetic control is possible. 
In this research, the tested photoperiod effect showed multiple genetic control. When the 
length of the photoperiod is longer, additional QTL became prominent. As timely bud 
break impact on grapevine yield, understanding the genetic mechanism of bud break 
promoted by long photoperiod would accelerate the molecular breeding of grapevine. 
QTL results suggested that two kinds of QTLs play on the F1 bud break trait. 
Photoperiod sensitivity QTL is one of them and the QTL on chr10 is an example. The 
QTL on chr2 can consider as a QTL that shows insensitivity to photoperiod as this QTL 
observed both for 13h and 24h photoperiods. Controlled chilling in this F1 population did 





Cabernet Sauvignon × Reisling F1 population showed variations for the chilling 
requirement and photoperiod. Chilling increased bud break and earliness of the bud 
break. 24h photoperiod improved bud break scores of all chilling treatments and replaced 
insufficient chilling. QTL results suggested that longer photoperiod activated an 
additional QTL.     
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Mean E-L bud break score±sd 
Week1 Week2 Week3 Week4 
2011 13h 168 1±0 1±0 2.09±2.17 5.93±3.21 
2011 13h 336 1±0 1.01±0.14 2.15±2.15 6.39±3.13 
2011 13h 504 1±0 1.01±0.17 2.64±2.52 6.52±3.20 
2011 13h 672 1±0 1.01±0.12 2.94±2.70 7.05±2.81 
2011 13h 840 1±0 1.09±0.49 3.86±3.07 7.0±2.62 
2011 13h 1008 1±0.07 1.33±1.09 4.95±3.35 7.69±2.42 
2011 13h 1176 1±0 1.25±0.89 4.84±3.22 7.86±2.16 
2011 13h 1344 1±0 1.49±1.33 5.41±3.23 8.03±2.07 
2011 13h 1512 1±0 1.32±1.03 4.67±3.32 7.62±2.27 
2011 13h 1680 1±0 1.63±1.50 5.23±3.43 7.78±2.44 
2011 13h 1848 1±0 1.91±2.00 5.52±3.35 8.19±1.92 
2011 13h 2016 1.02±0.22 2.49±2.46 6.02±3.30 8.25±1.79 
2012 13h 168 1±0 1.03±0.25 3.99±2.74 8.12±3.05 
2012 13h 336 1±0 1.25±0.84 4.42±3.02 8.92±2.86 
2012 13h 504 1±0 1.11±0.56 5.56±3.00 9.62±3.05 
2012 13h 672 1±0 1.83±1.40 6.71±2.84 10.50±2.88 
2012 13h 840 1±0 1.32±1.03 5.87±3.06 10.00±2.95 
2012 13h 1008 1±0 1.65±1.41 6.78±3.04 10.88±2.70 
2012 13h 1176 1±0 2.51±2.09 7.89±2.78 11.64±2.34 
2012 13h 1344 1.02±0.23 3.19±2.69 7.84±3.31 11.58±2.74 
2012 13h 1512 1.08±0.46 3.95±2.94 8.46±3.09 11.81±2.72 
2012 13h 1680 1.12±0.58 4.01±3.13 8.70±3.20 12.12±2.62 
2012 13h 1848 1.08±0.48 4.57±3.06 9.02±3.01 12.25±2.68 
2012 13h 2016 1.29±0.83 5.85±3.43 9.93±3.48 13.03±2.45 
2012 24h 168 1±0 1.56±1.43 6.84±3.39 10.89±2.59 
2012 24h 336 1±0 2.27±2.19 7.57±3.42 11.51±2.64 
2012 24h 504 1±0 2.04±1.96 7.60±3.26 11.44±2.62 
2012 24h 672 1±0 2.74±2.37 7.44±3.41 11.41±2.69 
2012 24h 840 1±0 2.39±2.20 7.31±3.38 11.42±2.73 
2012 24h 1008 1±0 2.74±2.52 7.94±3.45 11.79±2.58 
2012 24h 1176 1.01±0.18 3.44±2.99 8.51±3.52 12.14±2.48 
2012 24h 1344 1.13±0.64 4.82±3.54 9.53±3.44 12.72±2.71 
2012 24h 1512 1.31±0.10 5.46±3.64 9.87±3.57 12.96±2.69 
2012 24h 1680 1.47±1.25 5.55±3.58 10.01±3.16 13.08±2.45 
2012 24h 1848 1.43±1.17 6.26±3.54 10.34±3.41 13.12±2.76 








Table 5-2 F1 Mean and sd of AUC E-L bud score for each year, photoperiod, and chilling 
hour treatment 




2011 13h 168 6.56 3.23 
2011 13h 336 6.86 3.18 
2011 13h 504 7.41 3.60 
2011 13h 672 7.97 3.60 
2011 13h 840 9.15 4.05 
2011 13h 1008 10.62 4.62 
2011 13h 1176 10.53 4.26 
2011 13h 1344 11.41 4.52 
2011 13h 1512 10.30 4.52 
2011 13h 1680 11.25 5.03 
2011 13h 1848 12.02 5.08 
2011 13h 2016 13.08 5.41 
2012 13h 168 9.58 4.05 
2012 13h 336 10.64 4.63 
2012 13h 504 11.98 4.49 
2012 13h 672 14.30 4.94 
2012 13h 840 12.69 4.80 
2012 13h 1008 14.37 4.93 
2012 13h 1176 16.53 5.44 
2012 13h 1344 17.26 6.75 
2012 13h 1512 18.53 7.11 
2012 13h 1680 19.21 7.20 
2012 13h 1848 20.04 7.13 
2012 13h 2016 22.83 7.97 
2012 24h 168 14.34 5.29 
2012 24h 336 16.10 5.90 
2012 24h 504 15.86 5.45 
2012 24h 672 16.39 6.19 
2012 24h 840 15.90 5.95 
2012 24h 1008 17.08 6.23 
2012 24h 1176 18.53 6.83 
2012 24h 1344 21.27 7.71 
2012 24h 1512 22.46 8.10 
2012 24h 1680 22.84 7.68 
2012 24h 1848 23.88 8.08 
2012 24h 2016 25.38 8.10 




Table 5-3 ANOVA table for mixed models developed for chilling requirement and 
photoperiod experiment 
Term Sun sq Mean sq DF F-value P-value 
Experiment – Chilling requirement     
week 11741.1 11741.1 1 2863.34 < 2.2e-16 
Chilling Hours 401.9 36.5 11 8.9109 4.64E-16 
week:Chilling hours 4665.5 424.1 11 103.436 < 2.2e-16 
 
Experiment - Photoperiod     
Week 56923 56923 1 8985.61 < 2.2e-16 
Chilling Hours 62503 5682 11 986.8 < 2.2e-16 
Photoperiod 15552 15552 1 2700.95 < 2.2e-16 
Chilling hours:Photoperiod 1366 124 11 21.573 < 2.2e-16 
Term, the fixed effect terms in the model; Sum sq; sums of squares; Mean sq, mean sum 
of square; DF, degree of freedom; F-value, F test statistic value; p-value, probability 













Chr LOD Nearest marker Position 
% 
PVE 
2012 24ph168ch 137 10 5.33 S10_8736646 32.4 16.4 
2012 24ph168ch 137 2 5.06 S2_7324592 102.54 15.7 
2012 24ph336ch 137 4 4.56 S4_16352839 60.99 14.2 
2012 24ph336ch 137 2 4.00 S2_6822688 100.89 12.6 
2012 24ph336ch 137 6 3.85 S6_17974255 64.45 12.1 
2012 24ph504ch 137 2 5.10 S2_3542505 48.33 15.7 
2012 24ph504ch 137 10 4.76 S10_8736646 32.4 14.8 
2012 24ph504ch 137 6 4.19 S6_7315737 35.91 13.1 
2012 24hp672ch 137 2 5.67 S2_6822688 100.89 17.4 
2012 24hp672ch 137 6 4.58 S6_2767755 11.12 14.3 
2012 24hp672ch 137 5 4.16 S5_6611202 45.94 13.0 
2012 24hp672ch 137 10 3.96 S10_5599850 41.49 12.5 
2012 24ph840ch 137 10 5.78 S10_5599850 41.49 17.6 
2012 24ph840ch 137 6 4.90 S6_19048262 65.66 15.2 
2012 24ph1008ch 137 4 5.58 S4_405575 0.76 17.1 
2012 24ph1008ch 137 10 4.52 S10_8736646 32.4 14.1 
2012 24ph1176ch 137 2 4.46 S2_5333605 89.47 13.9 
2012 24ph1176ch 137 10 3.50 S10_8427289 31.79 11.1 
2012 24ph1344ch 137 10 4.64 S10_8783781 33.01 14.5 
2012 24ph1344ch 137 17 3.70 S17_8326040 56.9 11.7 
2012 24ph1512ch 137 2 5.80 S2_5333605 89.47 17.7 
2012 24ph1512ch 137 19 3.43 S19_3327508 72.52 10.9 




2012 24ph1680ch 137 12 4.26 S12_12013810 73.81 13.3 
2012 24ph1680ch 137 10 3.90 S10_3024948 22.2 12.3 
2012 24ph1848ch 137 2 3.82 S2_5333605 89.47 12.0 
2012 24ph1848ch 137 12 3.60 S12_3953268 24.89 11.4 
2012 24ph2016ch 137 2 3.57 S2_5535789 94.79 11.4 
2012 24ph2016ch 137 10 3.29 S10_6548504 25 10.6 
2012 13ph168ch 137 2 6.42 S2_3542505 48.33 19.4 
2012 13ph168ch 137 6 3.79 S6_2767755 11.12 12.0 
2012 13ph336ch 137 2 5.38 S2_3542505 48.33 16.5 
2012 13ph336ch 137 18 4.14 S18_11935220 64.54 13.0 
2012 13ph504ch 137 2 4.43 S2_5333605 89.47 13.8 
2012 13ph504ch 137 12 4.35 S12_12013810 73.81 13.6 
2012 13ph672ch 137 12 4.04 S12_12013810 73.81 12.7 
2012 13ph672ch 137 8 4.01 S8_11627234 42.34 12.6 
2012 13ph672ch 137 17 3.86 S17_4200689 22.32 12.2 
2012 13ph672ch 137 10 3.58 S10_8783781 33.01 11.3 
2012 13ph840ch 137 2 7.59 S2_3542505 48.33 22.7 
2012 13ph840ch 137 6 4.05 S6_7784625 38.04 12.8 
2012 13ph1008ch 137 6 5.67 S6_16634988 61.45 17.5 
2012 13ph1008ch 137 10 3.81 S10_5584822 40.56 12.1 
2012 13ph1008ch 137 2 3.63 S2_4139588 51.33 11.6 
2012 13ph1176ch 137 12 4.97 S12_7334731 47.44 15.5 
2012 13ph1176ch 137 2 4.90 S2_4272898 59.59 15.5 
2012 13ph1176ch 137 6 3.49 S6_14358972 50.69 11.1 
2012 13ph1344ch 137 2 5.52 S2_5333605 89.47 17.0 
2012 13ph1344ch 137 10 4.58 S10_8783781 33.01 14.4 
2012 13ph1512ch 137 2 4.54 S2_5333605 89.47 14.3 




2012 13ph1848ch 137 2 4.24 S2_4139588 51.33 13.4 
2012 13ph1848ch 137 10 3.67 S10_8427289 31.79 11.7 
2012 13ph2016ch 137 2 4.08 S2_5535789 94.79 13.0 
2012 13ph2016ch 137 19 4.01 S19_2247794 36.56 12.8 
ph, photoperiod; ch, received chilling hours at sampling; NoQTL, no QTL; LOD, logarithm ratio comparing the hypothesis of a QTL 
at a position versus that of no QTL (Broman et al. 2003); %PEV, the percentage variation explained by the QTL or model; Chr, 






Figure 5-2 Weekly change of E-L bud break score with increasing chilling 
x-axis of the plot is for time by week. Y-axis is for E-L bud break score. Each gray panel 
indicates different treatment. Color of the boxplot is specific to fulfilled chilling level and 
there are 12 different colors. 2011 13h panel represent the chilling requirement 
experiment results. 2012 13h and 24h panels represent the photoperiod experiment 














Figure 5-3 Individual AUC for each chilling level in 2011 (A) and 2012(B) 
P denotes parents or grandparents and F denotes F1 genotypes. X axis shows mean E-L 
bud break score value and y axis is for Chilling hours. This plot shows change of mean 
bud break with chilling hours increase. Genotypes that show high mean E-L bud break 

































































Figure 5-4 Photoperiod QTL distribution on Riesling × Cabernet Sauvignon genetic 
linkage map 
Figure A is for 13h photoperiod and B is for 24h photoperiod. X axis labels include 




6 Future direction  
Grapevine breeding programs are at advanced levels in the USA. Fruit and wine 
quality, disease resistance, and most of the agronomic traits have well explored to 
identify markers. However, this study a covered few significant traits such as RSA and 
bud break, which, need more exploration. In our study, though we confined to a few 
objectives, our findings suggest several future studies. 
In the RSA study, we identified markers associated with studied traits under well-
watered conditions and identified markers linked to important traits such as root thickness 
and branching. As Vitis riparia is a popular rootstock, understanding the changes of those 
RSA traits under diseases or stressed conditions is essential. In addition, we identified 3 
clusters related to grand/parents. According to our results, these subgroups may have 
group-specific RSA traits that may thrive under specific soil conditions such as drought 
or cold.  
In this study, we identified groups of genotypes that show high or low freezing 
tolerance and identified some clues to their photoperiod sensitivity and pigment content. 
Repeating QTL mapping using selected subpopulation with enough materials and the 
same vigor may allow identifying markers. In addition, parallel phenotyping of 
(photoperiod sensitive) traits such as periderm development, tip abscission, dormant bud 
set, and leaf shedding and continue with freezing tolerance in the same dormant year with 
the same population may allow differentiating the photoperiod and low temperature 
responses. Further studying of associations may help to identify the most suitable 




Bud break QTL results suggest a pattern of QTL expression. We believe this pattern 
follow the environment directed bud break. As an example, bud break in early dormant 
season identified a QTL in chr11, which is repeatedly reported for photoperiod related 
traits. Similar to this, we believe not only the chilling fulfillment but also temperature and 
photoperiod effects may interact with bud break QTLs. Gene mining of identified QTLs 
should be done as a follow-up experiment to QTL mapping. The bud break experiment in 
growth chambers clearly showed the effect of extra-long photoperiod on bud break. As a 
control, an experiment under zero photoperiod or dark is needed to compare results. In 
addition to gene mining of identified main QTLs, gene expression and transcriptomic 
study will give valuable information.   
 
 
 
 
 
 
